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ABSTRAC'T 

Siniultanpous  arteritwcnous  concentration  Kiadients  and  blood  flow  were 
measured  across  the  liver  and  hindciuarters  following  the  administration  of 
KlucaKon  and  epinephrine  in  postabsorptive  and  fasted,  conscious  dogs.  In  the 
liostabsorptive  dog  glucagon  increased  the  production  of  glucose  and  tin'  up¬ 
take  of  pyruvate,  lactate  and  citrate  by  the  liver.  Glucagon  also  increased  the 
net  production  of  lactate  and  citrate  by  the  hindquarters;  hindquarter  uptaki*  of 
jiyruvate  increased  slightly.  Hepatic  bloo'l  flow  increased  and  hind  limb  blood 
flow  decreased  after  glucagon  administration.  The  data  indicate  considerable  re¬ 
cycling  of  the  organic  acids.  Fasting  depri'ssed  the  effects  of  glucagon  on  n*- 
gional  glucose  metabolism  and  regional  blood  flow  but  not  on  regional  pj'ni- 
vate,  lactate  or  citrate  metabolism.  Thus,  the  effects  of  glucagon  on  pi'riiiheral 
glucose  uptake  and  blood  flow  appear  to  be  relat(“d  to  changes  in  blood  glucose 
levels  while  the  effects  of  both  hei)atic  and  j)eripheral  metabolism  of  the  other 
compounds  measured  do  not. 

In  contrast  to  glucagon,  epinejflirine  decreased  hindrpiarter  uiffake  of 
l)yruvate  and  glucose.  However,  as  with  glucagon,  small  doses  of  epinei)hrine 
increased  the  net  p('rii)heral  production  of  lyvnivate  and  lactate;  at  the  same 
lime  it  also  increased  their  uptake  by  the  liver.  In  general,  epinephrine,  like 
glucagon,  affected  the  homeostatic  balance  between  liv(‘r  and  peripheral 
tissues  by  increasing  the  hepatic  glycogenolysis  as  well  as  accelerating  the  cir¬ 
culation  of  the  components  of  the  (’ori  cycle. 
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INTRODUCTION 

UNCERTAINTY  as  to  the  effect  of  glucagon  on  peripheral  glucose 
metabolism  has  resulted  in  part  from  measurements  of  arterio¬ 
venous  concentration  gradients  without  simultaneous  measurements  of 
blood  flow  (1,  2).  The  relation  of  increased  circulating  glucose  levels  per  se 
to  changes  of  tissue  glucose  utilization  has  not  been  adequately  determined 
in  the  intact  animal.  The  present  studies  were  undertaken  to  measure 
simultaneously  arterio-venous  concentration  gradients  and  blood  flow 
across  the  liver,  hindquarters,  and  abdominal  viscera  exclusive  of  liver  in 
the  post  absorptive  and  fasted,  nonanesthetized  dogs.  Cllucagon  adminis¬ 
tered  to  the  fasted  (i.e.,  glycogen  depleted)  animal  produces  minimal  or 
insignificant  increases  in  hepatic  glucose  production  with  little  or  no  rise  in 
circulating  blood  glucose  levels  (8).  It  was  anticipated,  therefore,  that  com¬ 
parison  of  the  effects  of  glucagon  on  peripheral  carbohydrate  metabolism 
under  both  fed  and  fasting  conditions  might  provide  information  on 
whether  the  peripheral  action  of  glucagon  was  a  direct  one. 

The  present  studies  indicate  that  the  response  to  glucagon  in  the  intact 
animal  may  vary  from  one  peripheral  area  to  another;  hence  changes  in 
isolated  tis.sues  may  not  reflect  the  over-all  metabolic  picture.  Moreover, 
the  effect  of  glucagon  on  pyruvate,  lactate  and  citrate  metabolism  in  our 
studies  do  not  appear  to  be  solely  dependent  upon  the  circulating  blood 
glucose  levels. 

METHODS 


Hepatic  metaliolism  was  studied  after  catheterization  of  the  major  hei)atic  vessels 
with  chronic  indwelling  plastic  tubing  according  to  the  technique  of  Shoemaker,  el  al. 
(4).  Two  to  eight  days  after  insertion  of  the  catheters  the  dogs  were  studied  while  in  a 
nonsedaterl,  conscious  state.  Two  types  of  dogs  were  compared:  the  first  group,  in  good 
nutritional  state,  was  fasted  overnight  (approximately  17  hours);  the  second  grouj)  was 
fasted  for  5  days,  but  allow(‘d  water  ad  libitum.  Hepatic  blood  flow  was  measun'd  with 
a  modified  bromsuli)halein  clearance  technique  (o,  fi).  Prior  to  the  experiment,  the  dogs 
were  placed  in  a  Pavlov  stand.  After  a  period  of  time  allowed  for  the  equilibration  of  the 
bromsulphalein,  simultaneous  samjjles  of  arterial,  portal  and  hepatic  venous  blood  were 
withdrawn  at  intervals  during  a  control  period  and  after  the  experimental  variabh*.  An 
equivalent  volume  of  blood  from  a  donor  dog  was  used  to  replace  the  sampled  blood.  The 
rate  of  hepatic  uptake  or  output  of  a  given  substance  was  calculated  by  multiplying  tin* 
portal-hepatic  concentration  gradient  by  the  measured  hepatic  blood  flow.  C'oncentration 
gradients  btdween  the  splenic  artery  and  portal  vein  reflect  the  metabolism  of  the  area 
draiiu'd  by  the  jmrtal  vein  which  includes  most  of  the  gastrointestinal  tract,  lymph 
mtdes,  pancreas,  and  omentum.  For  the  purposes  of  the  present  study  this  region  is  re¬ 
ferred  to  as  “nonhepatic  splanchnic  area”  and  its  gradient  as  “splanchnic  gradient.” 

Hindquarter  metabolism  was  studied  by  sampling  from  cannulae  or  catheters  placed 
in  the  distal  inferior  vena  cava  and  carotid  artery  together  with  concomitant  direct 
measurement  of  hindquarter  blood  flow.  Hindquarter  concentration  gradients  were  ob- 
tai?ied:  1)  without  flow  measurements  in  nonanesthetized  dogs,  and  2)  with  light  pen¬ 
tobarbital  anesthesia  where  hindquarter  blood  flow  was  measured  directly  using  a 
graduated  cylinder  and  chronometer  (7).  The  changes  in  concentration  gradients  ob¬ 
served  with  and  without  this  light  anesthesia  were  not  significantly  different. 
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The  rate  (ing./miii.)  of  uptake  (positive)  or  output  (uegative)  calculated  by  multiplying 
the  arterio-venous  concentration  gradient  by  the  simultaneously  measured  blood  How  for 
each  individual  sample.  Mean  of  tlie  individual  rates  and  standard  error  of  the  mean(Sli) 
are  given. 

The  chemical  techniques  used  for  measurement  of  glucose,  pyruvate,  lactate  and 
citrate  were  the  same  as  reported  previously  (8). 

Intravenous  glucagon^  (.02  mg.,  kg.)  or  epinephrine'’ ( 1  too/ng  kg.)  were  administered 
as  a  single,  rapid  injection  into  a  peripheral  vein. 

RESULTS 

Rentittg  Hepatic  Metuholism  of  Postabsorptive,  Conscioufs  Days 

Hates  of  production  or  uptake  of  glucose,  pyruvate,  lactate  anti  citrate  in 
nonanesthetized  dogs  are  shown  in  Table  1.  The  average  weight  of  the  first 
group  of  dogs  was  15  kg.  ;  the  second  group  weighed  an  average  of  20  kg.  If 
measurements  of  the  rate  of  metabolism  of  the  various  carbohydrates  could 
be  extrapolated  from  the  period  of  observation  to  a  24-hour  period,  as  has 
been  done  in  the  case  of  renal  metabolic  measurements  (9),  then  the  calcu¬ 
lated  resting  hepatic  uptake  of  pyruvate,  lactate  and  citrate  varied  from  11 
to  31  gm.  per  day.  The  hepatic  uptake  of  citrate  alone  varied  from  2.2  to  8.5 
gm.  ,  24  hours. 

Effects  of  Glucagon  in  Normal  Dogs 

Blood  Flow  Changes 

The  effect  of  glucagon  on  hepatic  blood  flow  has  been  reported  previously 
(3);  in  the  present  series  of  animals  the  observed  increase  was  maximal  10 
to  20  minutes  after  glucagon  and  coincided  with  the  maximal  increase  in 
hepatic  glucose  production  (Figs.  1,2).  A  simultaneous  decrease  in  hind- 
(juarter  blood  flow  was  observed  in  this  series.  Ten  to  20  minutes  after 
glucagon  the  hindc|uarter  blood  flow  reached  its  lowest  point,  which  ap- 
proximatel3’  coincided  with  the  period  of  maximally’  increased  circulating 
gluco.se  levels  and  with  the  maximal  rate  of  peripheral  glucose  uptake 
(Figs.  1,  2). 

Glucose  Changes 

.\n  increase  in  net  hepatic  gluco.se  production  in  dogs  after  intravenous 
glucagon  administration  has  been  noted  bj'  Shoemaker  and  Van  Itallie  (3). 

*  (Uucagon,  crystalline,  “insulin  free”  was  generously  suppliini  by  Eli  Lilly  Company. 

*  Synthetic  1-epinephrine — Winthroir-Stearn. 
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Fig.  1.  Effect  of  Rlucagon  on  the  mean 
liejiatie  filood  flow  of  5  dogs  and  the  mean 
hindquarter  blood  flow  of  5  normal,  con¬ 
scious  doKS. 


In  tlie  present  studies  liepatic  glucose  production  ro.se  rapidly  during  the 
first  20  minutes,  and  fell  to  control  levels  40  to  45  minutes  after  glucagon 
(Fig.  2).  Changes  in  hiiKhpiarter  and  nonhepatic  splanchnic  area  concen¬ 
tration  gradients  indicated  an  increase  in  glucose  uptake  which  was  appar¬ 
ent  sometimes  within  2  minutes.  The  time  relationship  of  the  hindtpiarter 
glucose  metabolic  changes  coincided  with  the  changes  in  hepatic  gluco.se 
metabolism.  Femoral  venous  and  arterial  blood  levels  of  glucose  rose 
rapidlv  but  remained  elevated  for  as  long  as  90  minutes. 


Fig.  2.  Effect  of  shicason  on  hepatic 
ghicose  output  and  hindquarter  ^hicose 
uptake. 

Mean  cliang(‘s  of  five  dogs  studied  in  the 
liejiatic  series  and  six  dogs  in  the  hind¬ 
quarter  series.  A  negative  arterio-venous 
concentration  gradient  multiplied  by  the 
rate  of  blood  flow  is  shown  as  a  milligram 
jier  minute  output,  or  production.  A 
positive  arterio-venous  concentration 
gradient  multiplied  by  the  rate  of  blood 
flow  is  shown  as  a  milligram  per  minute 
uptake. 
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GLUCAGON 


Fig.  3.  F.ffi'ct  of  sluciigoii  on  pyruvate 
metabolism  by  the  liver,  nonheiiatie 
sjilanehnic  area  and  the  hindquarters. 

The  “splanehnic  Kiiidieiit”  exjiressed  in 
millif!;rams  per  100  ml.  of  blood  rei)resents 
the  arterio-venous  coneentration  f^radient 
between  the  sjdenic  artery  and  the  portal 
v(‘in.  A  negative  value  for  t.  s  gradient 
is  shown  as  a  jiroduetion  while;  a  jiositive 
value  is  shown  as  an  uptake.  For  further 
details,  see  legend  for  Figure  2. 


z.z-\ 

MGM/IOOML. 

1.4 


KEY 


LIVER 

HINDQUARTERS 

SPLANCHNIC 

GRADIENT 


PRODUCTION 


MINUTES  0  10  20  30  45  GO  90 

Pjjruvate  ('liduges 

Femoral  veiioii.s  and  arterial  blood  levels  of  pyruvate  rose  during;  the  first 
lo  minutes  after  glueagion  hut  then  decreased  to  or  below  control  values. 
These  changes  accompanied  an  early  increase  in  the  nonhepatic  splanchnic 
area  output  of  pyruvate  and  a  marked  increase  in  both  hepatic  and  hind- 
quarter  pyruvate  utilization  (Fig.  8). 


Fig.  4.  Effect  of  glucagon  on  lactate 
metabolism.  For  details  see  legends  for 
Figures  2  and  3. 
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Ldctalc  ChangcH 

Fpinoral  venous  and  arterial  blood  levels  of  laelate  showed  an  initial  rise 
1")  minutes  after  Klncason;  the  rise  was  minimal  and  of  short  duration. 
Hind(juarter  produetion  of  laetate  increased  and  eoneentration  s>5i<lients 
across  the  noidiepatic  splanchnic  area  indicated  an  increased  output  (Fig. 
4).  Fluctuations  in  the  rate  of  metabolism  across  the  hindquarters  in  the 
control  period  sugfiested  that  small  dejjrees  of  both  production  and  utiliza¬ 
tion  were  occurrinp;  from  minute  to  minute  although  the  average  total  effect 
was  one  of  production  (Fig.  4).  These  fluctuations  were  present  in  each 
animal  as  well  as  in  the  group  as  a  whole. 
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Fig.  5.  Kffoct  of  glucagon  on  citrate 
metabolism.  For  details  see  legends  for 
Figures  2  and  3. 
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Citrate  Changes 

Femoral  venous  and  arterial  blood  levels  of  citrate  decreased  15  minutes 
after  glucagon  despite  the  fact  that  the  rate  of  hind  limb  production  and 
nonhepatic  splanchnic  area  output  increased  (Fig.  5).  The  decrease  in  blood 
concentrations  reflected  the  marked  increa.se  in  hepatic  citrate  uptake 
(Fig.  5). 


Effects  of  Glucagon  Administered  to  Fasted  Dogs 

(ilucagon  administered  to  three  dogs  after  a  A  to  5  day  fa.st  failed  to 
increase  hepatic  glucose  production  in  one  and  produced  only  a  minimal 
increase  in  the  remaining  two  animals  (F'ig.  (i).  I'devations  in  peripheral 
glucose  levels  were  insignificant  in  two  and  minimal  in  the  third.  Hind- 
quarter  uptake  of  glucose  in  this  third  animal  increased  but  to  a  lesser 
degree  and  for  a  .shorter  period  of  time  than  that  ob.served  in  normal  dogs 
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(cf.  P'igs.  2  and  0).  Xonliepatic  splanclinic  area  uptake  of  {glucose  was 
increased  l)ut  to  a  lesser  degree  than  tliat  observed  in  normal  dogs.  .Al¬ 
though  the  effects  of  glucagon  on  glucose  metabolism  were  less  pronounced 
after  fasting,  the  effects  on  pyruvate,  lactate  and  citrate  metabolism  were 
not.  Resting  hepatic  uptake  of  citrate  in  the  fasted  animals  was  (i..)  mg. 
min.  in  contrast  to  a  rate  of  l.o  mg. /min.  in  the  normal  animals  of  compar¬ 
able  weight.  When  glucagon  was  administered  to  the  fasted  animals  hepatic 
uptake  of  citrate  increased  to  1 1  mg.  min.  (Fig.  (i).  The  increase  in  hind- 
(piarter  uptake  of  pyruvate  following  glucagon  was  somewhat  delayed  in 


Eig.  ().  Effect  of  glucagon  on  glucose 
and  citrate  metabolism  in  three  starved 
dogs. 

For  details  see  legends  for  Figures  2 
and  3. 
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onset  but  was  not  decreased  in  degree  by  starvation  (Fig.  7).  Lactate 
metabolism  across  both  the  liver  and  peripheral  areas  was  not  significantly 
different  between  the  normal  and  the  starved  dogs  of  this  series  (Fig.  7). 

Ejjects  of  Administered  Epinephrine  in  Normal  Dogs 

The  administration  of  epinephrine  in  doses  of  1  and  o  |xg  kg.  changed  the 
arterio-venous  glucose  concentration  gradient  across  the  noidiepatic 
splanchnic  area  from  negative  to  positive  indicating  a  change  from  an 
uptake  to  an  output.  This  was  in  striking  contrast  to  the  uptake  observed 
at  rest  and  after  glucagon  admini.stration  observed  in  over  100  determina¬ 
tions  on  17  dogs.  .Vlthough  increases  and  decreases  in  gradients  might 
merely  reflect  changes  in  blood  flow,  a  change  from  a  positive  to  a  negative 
gradient  cannot  be  caused  by  a  change  in  blood  flow.  .V  definite  increase  in 
the  pyruvate,  lactate  and  citrate  gradient  was  also  observed  across  the 
nonhepatic  splanchnic  area. 
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Fic.  7.  Kffcct  of  *'!'  liiii'l- 

(luartcr  in  ruvate  and  lactato  nu*tal)olism 
in  five  normal  and  three  starved  do^s. 

Soli<l  circles  =  starved  doK><:  open  circles 
=  normal  aiumals.  For  further  details  se(‘ 
lejiend  for  Finure  2. 


I^pineplirine  (1.0  /Lts/k}?.,  i.v.)  increased  hepatic  {glucose  production 
three-fold  and  pyruvate  and  lactate  uptake  almost  six-fold  (Fig.  S).  I^evels 
had  returned  to  control  within  fifteen  minutes  even  though  nonhepatic 
splanchnic  area  output  and  circulatinfj;  blood  levels  occasionally  remained 
above  control  values  for  IK)  minutes. 


DISCUSSION 

The  results  of  experiments  with  glucagon  are  consistent  with  the  obser¬ 


vations  of  others  (10,  11)  and  suspiest 


Fig.  S.  KfTcct  nf  epinephrine  o'l  hepatic 
metabolism  of  glucose,  lactate,  pyruvate 
and  citrate  in  three  normal,  conscious 
do«s. 

For  details  see  lesimd  of  Figure  2. 
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effect  on  the  release  of  hepatic  glucose  and  an  increase  of  peripheral  glucose 
utilization.  The  latter  effect,  manifest  as  an  increase  in  glucose  uptake 
despite  a  decrease  in  blood  flow,  may  he  the  result  of  a  direct  action  of 
glucagon  or  may  be  a  consecpience  of  the  increased  hepatic  glucose  output 
and  the  subsequent  rise  in  blood  glucose  levels.  The  data  of  the  present 
study  indicate  that  glucagon  has  an  integrated  effect  on  both  hepatic  and 
peripheral  metabolism  of  pyruvate,  lactate  and  citrate  as  well  as  glucose. 
At  rest  there  exists  a  homeostatic  balance  between  the  hepatic  uptake  of 
lactate  and  citrate  and  the  net  peripheral  production  of  these  metabolites; 
glucagon  increases  the  rates  of  normal  resting  lactate  and  citrate  metalio- 
li.sm  but  maintains  the  same  inverse  relation  between  the  liver  and  periph¬ 
ery.  (ilucagon  also  simultaneously  increases  resting  hepatic  and  hind- 
(|uarter  pyruvate  utilization.  Fasting  was  found  to  depre.'^s  the  effect  of 
glucagon  on  hepatic  and  peripheral  glucose  metabolism  but  it  did  not 
depress  the  effects  of  glucagon  on  pyruvate,  lactate  or  citrate  metabolism. 
The  rather  pronounced  effects  of  glucagon  on  lactate,  pyruvate  and  citrate 
which  occurred  without  hyperglycemia  in  the  fasting  state  also  .suggest  a 
direct  peripheral  action  of  glucagon.  These  effects,  therefore,  are  probably 
not  mediated  by  the  release  of  endogenous  insulin  or  by  an  increased 
peripheral  uptake  of  glucose. 

Other  effects  of  glucagon,  similarly  independent  of  its  hyperglycemic 
effect,  have  been  sugge.sted  by  others.  These  include  the  release  of  free  fatty 
acids  from  adipo.se  ti.s.sue  and  the  effects  on  renal  function  (12,  El).  Changes 
in  the  renal  clearance  of  sodium  and  pota.ssium  such  as  Klrick  observed 
after  glucagon  are  known  to  effect  citrate  excretion.  The  effect  of  glucagon 
on  citrate  excretion  remains  to  be  studied. 

The  kidney  is  believed  to  be  the  major  organ  utilizing  citrate  (D)  and  the 
bone  has  been  described  as  the  major,  if  not  the  only,  source  of  endogenous 
citrate  (14).  Neverthele.ss  we  observed  a  significant  uptake  of  citrate  acro.ss 
the  liver  at  rest  which  was  comparable  to  that  observed  across  the  kidney 
and  which  increased  R-  to  (i-fold  following  glucagon  administration.  We  also 
observed  a  constant  output  of  citrate  across  the  nonhepatie  splanchnic  area 
which  includes  no  bone, 

I’eripheral  metabolism  of  pyruvate  varied  from  one  area  to  another. 
These  differences  may  to  some  extent  reflect  metal)olic  differences  between 
the  several  tissues  included  in  the  regions — e.g.,  the  presence  of  bone  in  the 
hindquarters  and  the  ab.sence  of  both  bone  and  skeletal  muscle  in  the  non- 
hepatic  splanchnic  area.  The  pre.sent  study  also  indicates  considerable 
recycling  of  gluco.se  and  organic  acids  between  the  liver  and  the  peripheral 
areas;  moreover,  it  suggests  an  interrelationship  between  one  peripheral 
area  and  another. 

Both  glucagon  and  epinephrine  have  been  shown  to  increa.se  hepatic 
glycogenolysis.  Their  effect  on  circulating  blood  concentrations  of  pyru¬ 
vate,  lactate  and  citrate  are  not  the  same,  however  (15,  16).  The  differ¬ 
ences  have  generally  been  assumed  to  reflect  the  increase  in  muscle  glyco- 
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genolysis  and  decrease  in  glucose  oxidation  produced  by  epinephrine  (17, 
18).  The  present  .studies  show  that,  in  general,  the  effect  of  epinephrine  was 
similar  to  that  of  glucagon  except  that  we  failed  to  find  an  increased 
hepatic  uptake  of  citrate  or  hindquarter  uptake  of  pyruvate  after  epineph¬ 
rine  administration.  One  might  speculate  that  these  differences  explain  the 
increase  in  circulating  blood  levels  of  these  substances  following  the  admin¬ 
istration  of  epinephrine.  However,  until  more  complete  examination  of  all 
metabolic  regions  and  tissues  have  been  made  in  the  intact  animal  such  a 
conclusion  would  be  premature. 

Drury  and  Wick  (19)  observed  that  C‘^  lactate  was  more  readily  ox¬ 
idized  in  rabbits  than  was  gluco.se  and  that  very  little  labeled  lactate 
was  converted  to  glucose  or  glycogen.  These  findings  appear  somewhat  at 
variance  with  those  reported  herein.  However,  the  experimental  conditions 
of  Drury  and  Wick  were  not  comparable  to  the  present  study  in  which  an 
increased  hepatic  uptake  of  pyruvate  and  lactate  was  measured  directly 
during  the  first  fifteen  minutes  after  epinephrine.  Druiy  and  Wick  meas¬ 
ured  the  appearance  of  the  labeled  lactate  into  glycogen  over  a  period 
beginning  15  to  20  minutes  after  epinephrine  administration.  This  period 
might  well  represent  a  period  of  compensatory  changes,  rather  than  the 
period  of  direct  epinephrine  action. 
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IN(X)RP()RATI()X  OF  A(’KTATE-l-('‘^  INTO TFSTOSTFRONF 
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ABSTRACT 

Acetate-l-C'^  was  infused  into  tlic  spermatic  arteries  of  doffs  at  a  constant 
rate  before  and  after  liuinan  chorionic  gonadotropin  was  injected  into  the 
spermatic  circulation  to  one  testis.  The  blood  from  the  spermatic  vein  was  col¬ 
lected  and  the  amounts  and  specific  radioactivities  of  testosterone  in  successive 
samples  were  determined.  In  several  exi)eriments  gonadotropin-stimulated  and 
unstimulated  testes  were  removed  at  the  end  of  the  collection,  the  various 
particulate  fractions  separated  by  high  speed  centrifugation  and  the  specific 
activity  of  the  digitonin-precipitahle  material  in  each  determined. 

The  specific  activity  of  the  testosterone  rose  very  soon  after  the  intrcxluction 
of  the  gonadotropin.  In  most  cases  the  output  of  testosterone  also  increased,  hut 
even  in  those  cases  where  this  did  not  occur  the  specific  activity  was  higher. 

The  i)ool  of  intermediates  between  acetate  and  testosterone,  thendore,  seemed 
to  he  (piite  small  in  the  actively  secreting  testis  and  the  i)oint  of  action  of 
human  chorionic  gonadotropin  ai)iK'ared  to  be  before  the  rate  limiting  st(‘i)  in 
testosterone  biosynthesis. 

There  was  no  correlation  between  the  sijecific  radioactivity  of  the  various 
digitonin-precipitahle  fractions  and  that  of  testosterone  before  and  after 
gonadotrojjin.  The  specific  activity  of  the  testosterone  after  the  gonadotropin 
injection  was  always  higher  than  any  digitonin  precipitable  fraction,  and  in 
most  cases  this  was  true  befort*  gonadotropin  injection.  If  cholesterol  is  an 
obligatory  intermediate  in  the  biosynthesis  of  testosterone  in  the  testis,  the 
pool  involved  is  only  a  minor  portion  of  any  of  the  fractions  separated. 

BHIXCK-JOHXSEX  and  Eik-Xes  (1)  and  Hollander  and  Hollander 
(2)  have  both  shown  that  human  chorionic  gonadotropin  (HC(J)  has 
an  immediate  effect  on  the  production  of  the  two  androgens,  testosterone 
and  4-androstene-8,17-dione,  shown  by  West  et  al.  (3)  to  be  the  secretory 
products  of  the  canine  testis.  h]arlier,  Brady  (4)  reported  that  the  incorpo¬ 
ration  of  acetate  into  testosterone  by  dog  testis  slices  was  greater  when 
HC(J  was  included  in  the  incubation  medium.  While  the  radioactivity  from 
acetate-l-C'  in  the  testosterone  fraction  was  increased  about  tenfold, 
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*  The  data  were  taken  from  a  thesis  presented  by  Norman  R.  .Mason  in  ))artial  ful¬ 
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('-307  from  the  National  Cancer  Institutt*. 

*  Investigator,  Howard  Hughes  Medical  Institute.  Present  address:  The  Endocrine 
Laboratory,  Department  of  Medicine,  University  of  Miami  School  of  Medicine,  Miami, 
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tliat  in  cliolesterol  was  not  significantly  affected.  He  could  not  determine, 
however,  whether  the  increased  activity  in  the  testosterone  zone  was  due  to 
greater  amounts  of  steroid  of  the  same  specific  activity  or  whether  there 
was  actually  increased  specific  activity. 

Because  HC(i  had  such  a  marked  effect  on  acetate  incorporation  into 
testosterone  hut  no  measurable  influence  on  incorporation  into  cholesterol, 
Brady  raised  the  (piestion  of  whether  cholesterol  was  an  essential  precursor 
of  the  androgen.  As  a  pos.sihle  alternative,  Hechter  and  Pincus  (o)  have 
proposed  a  scheme  by  which  an  unknown  compound  “X”  .synthesized  from 
acetate  may  either  be  converted  into  cholesterol  or  directly  into  the  steroid 
hormones. 

In  this  investigation  acetate-l-C‘^  was  infused  into  the  arterial  circula¬ 
tion  of  the  testes  of  anesthetized  dogs  and  its  incorporation  into  testo¬ 
sterone  was  determined  in  the  spermatic  venous  blood.  This  was  compared 
with  the  incorporation  into  the  digitonin-precipitable  .sterols  of  testes  from 
the  .same  animal  before  and  after  injection  of  HC(j.  It  was  found  that 
IlCd  consi.stently  increased  the  incorporation  into  testosterone  but  not 
into  testicular  3/3-hydroxysterols. 


METHODS 

.Male  inonsri'l  doj^s  weijjhing  18  kg.  or  more  were  ohtaint'd  from  the  local  ixtund  and 
in  most  instances  injected  intramuscnlarly  with  .50()-7()()  i.u.  of  UCCP  distributed  over 
periods  of  4-8  days.  The  animals  were  anesthetized  by  injecting  32..5  mg.  sodium  pento¬ 
barbital  per  kg.  intravenously,  a  longitudinal  incision  was  made  on  each  side  of  the  mid¬ 
line  in  the  caudad  portion  of  the  abdomen,  and  the  spermatic  artery  and  veins  of  each 
testicle  were  exposed  below  the  ligamentum  inguinale.  The  femoral  artery  in  each  thigh 
was  also  exposed,  and  the  animal  was  then  given  50  mg.  of  heparin  in  saline  solution 
intravenously.  Each  femoral  artery  was  connected  to  the  spermatic  artery  on  the  same 
side  by  means  of  a  tailoring  polyethylene  cannula.  A  needle  connected  to  a  syringe  type 
infusion  pump  by  a  polyethylene  tube  was  inserted  into  the  wall  of  the  arterial  cannula, 
and  the  infusion  of  acetate-l-C"  of  specific  activity  1  mC  per  mmole  was  begun.  The 
left  spermatic  vein  was  then  cannulated  (1).  In  one  experiment  both  spermatic  veins 
were  cannulated. 

Spermatic  venous  blood  was  collected  for  10  to  20  minute  intervals.  Each  sample 
represented  40-70  ml.  of  whole  blood;  the  volume  was  replaced  by  infusion  of  isotonic 
saline  or  hejiarinized  dog  blood.  After  a  control  period  of  acetate  infusion,  500-1000 
I.u.  of  HCCi  were  injected  into  the  left  arterial  cannula  ami  collection  of  blood  continued 
for  one  to  three  hours  thereafter.  .\t  the  end  of  the  experiment  the  animal  was  sacrificed 
and  the  testes  were  removed  for  cell  fractionation  and  cholesterol  analysis. 

The  blood  .samples  witc  centrifuged  and  the  plasma  extracted  four  times  with  eipial 
volumes  of  freshly  distilled  chloroform.  The  chloroform  extracts  were  evaporated  to 
dryness,  the  residue  taken  up  in  70%  methanol,  and  fat  and  cholesterol  precipitated  at 
—  10°  ('  (0).  After  centrifuging  at  .3000  R.P.M.  for  30  min.  in  an  International  Refrig¬ 
erated  Centrifuge,  the  supernatant  fluid  was  decanted,  evaporated  to  dryness  under 
nitrogen,  and  the  residue  chromatographed  in  the  hexane-benzene: formamide  system  of 
ZafTaroni  (7).  The  chromatogram  was  developed  for  three  hours  and  then  dried  overnight 
at  room  temperature  in  moving  air. 

®  A.P.L.  chorionic  gonadotropin  was  generously  supplied  by  Ayerst  Labs, 
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The  radioactivity  in  the  areas  on  tlie  strip  corresponding  to  testosterone  and  andro- 
stenedione  was  determined  by  the  method  of  Berliner  el  al.  (S).  Quantitative  estimation 
of  the  steroids  was  done  by  scanning  the  strips  in  the  Cary  double  beam  spectropho¬ 
tometer  with  the  wave  length  set  at  240  m/i  (9).  Receoveries  of  testosterone  by  this 
method  averaged  7S%  with  a  range  of  70-100%.  The  error  in  the  determination  of 
specific  activities  was  ±  12%. 

.\s  soon  as  the  testes  were  removed,  they  were  weighed,  minced  and  homogenized. 
Fractionation  of  a  10%  tissue  suspension  in  0.2,5  molar  sucrose  was  carried  out  in  a 
Spinco  Model  L  ultracentrifuge  according  to  the  procedure  of  Bucher  and  McClarrahan 
(10)  except  that  the  centrifugation  at  00,000  Xg.  was  eliminated. 

The  various  cellular  fractions  were  saiionified  with  10%  KOH  in  50%  ethanol  at 
.50°  C  for  15  hours.  Each  solution  was  then  evaporated  under  nitrogen  to  0.5  volume, 
diluted  with  an  equal  volumt*  of  water,  and  extracted  four  times  with  twice  the  volume 
of  hexane.  The  extracts  wen*  washed  with  w.ater,  evaporated  to  dryness  under  nitrogen 
and  the  residue  taken  up  in  1  ml.  of  ethanol.  To  this  solution  0.5  ml.  of  water  and  1  ml. 
of  a  0.5%,  solution  of  digitonin  in  50%  ethanol  were  added  and  the  digitonide  allowed  to 
])recipitate  for  three  hours  at  room  temi)erature.  The  mother  liquor  was  decanted  after 
centrifuging  and  the  digitonide  i)recipitate  washed  with  2  to  3  ml.  of  4:1  acetone- 
chloroform  (v  v).  The  digitonide  was  di.ssolved  in  1  ml.  of  methanol,  and  one  alicpiot 
was  platerl  for  determination  of  radioactivity  while  another  was  used  for  quantitative* 
estimation  of  cholesterol  according  to  the  Zak  colorimetric  method  (1 1).^  The  recovery  of 
radioactive  cholesterol  added  to  tissue  fractions  averaged  75%  by  this  method  and  the 
error  in  the  determination  of  specific  activity  was  ±7%. 

RESULTS 

The  effects  of  previous  intramuscular  injection  of  HC(1  on  blood  flow 
through  the  testes  and  on  testosterone  secretion  are  illustrated  in  Table  1. 
A  minimum  of  about  70  i.u.  of  HCG  per  10  kg.  body  weight  per  day 
injected  over  a  period  of  four  days  or  more  was  reciuired  to  produce  con¬ 
sistently  mea.surable  testosterone  concentrations  in  spermatic  venous  blood 
before  intra-arterial  injection  of  HC(l.  In  .such  experiments  (No.  10-Xo. 
14)  the  blood  flow  also  was  higher  than  in  the  fir.st  eight  experiments  in 
which  00  I.u.  per  10  kg.  or  le.ss  per  day  were  injected.  Since  intra-arterial 
injection  of  HCCl  increased  the  output  of  testosterone  promptly  in  most  of 
the  experiments  without  affecting  blood  flow,  the  effects  of  the  pre-injec¬ 
tions  on  the  vascular  system  cannot  be  the  primary  mechanism  by  which 
testosterone  output  is  increased. 

The  most  consistent  stimulation  of  testosterone  .secretion  by  the  intra¬ 
arterial  injections  of  HCG  appeared  to  be  a.s.sociated  with  intermediate 
levels  of  HC(J  during  the  preparative  period.  If  the  interstitial  cells 
were  not  sufficiently  .stimulated  the  effect,  while  mea.surable,  was  not  as 
great;  on  the  other  hand,  if  the  stimulation  had  been  too  great  a  further 
acute  increase  in  testosterone  output  could  not  be  consistently  elicited. 

In  all  the  experiments  where  the  specific  activity  of  testosterone  could  be 
determined  both  before  and  after  the  injection  of  HCG,  the  gonadotropin 

^  We  lire  indebted  to  Dr.  Ralph  Elefsen,  Seetioii  of  Bioehemistry,  Mayo  Clinic. 
Roidiester,  Minnesota,  for  information  pertaining  to  the  Zak  method  as  used  for  tissue 
cholesterol  analysis. 
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.\BI.K  1.  Hl.OOO  FLOW 
VEIN  BU»OI> 

.\\l>  TESTOSTEKON'K  <’i».\<‘E\TR.\Tlo\  OF  iKKi  ftFERM.XTU* 
BEFORE  AM)  AFTER  HCd  INTRA-ARTERIALEY 

Kxperi 

ment 

HCC 
preinjer- 
tion  dose 
(i.L-./lO 
kg. /(lay) 

Period 
of  prein- 
jeetion 
(days) 

('ollectioiC  j)eriod  (min.) 

IK'i; 
intra-ar- 
teriallv 
(i.t  ./lO 
kg.) 

.\verage 
blood 
flow 
(ml./ 10 
kg. /min.) 

.\ve.  tes¬ 
tosterone 
production 
(Mg/10 
kg. /min.) 

1 

0 

1) 

19.5  min.  before 

0.55 

0.05 

1.51)  min.  after 

55 

0.59 

0.05 

2 

0 

(1 

17.5  min.  before 

1  .0 

0.01 

1  III  min.  after 

192 

0.80 

0.21 

a 

0 

II 

2.5.5  min.  before 

0 . 75 

0.00 

7.5  min.  after 

278 

0.08 

0.10 

4 

M) 

15 

180  min.  before 

0.98 

0.00 

Ol)  min.  after 

24 

0.08 

0.10 

5 

:{ii 

ii> 

411  mill,  before 

1  .0 

0.00 

19,5  min.  after 

854 

0.80 

0.70 

(’) 

57 

14 

2H0  min.  before 

1  . 1 

0.04 

125  min.  after 

80 

0.80 

0.71 

7 

(ill 

12 

95  min.  before 

0.04 

0.10 

175  min.  after 

090 

0.05 

0.50 

8 

«2 

14 

81)  min.  before 

2.5 

0.00 

81)  min.  after 

455 

2.0 

0.20 

74 

'.1 

121)  min.  Indore 

1  .74 

0.08 

45  min.  after 

740 

0.95 

0.50 

Ill 

78 

III 

121)  min.  before 

1  .1 

0.24 

121)  min.  after 

455 

1  .5 

0.45 

1  1 

811 

1 1 

1)11  min.  before 

2.0 

0.57 

91)  min.  after 

455 

2 .5 

0.85 

12 

1  It 

8 

21)  min.  before,  right 

2.7 

0..55 

80  min.  before,  left 

217 

2.1 

0.58 

80  min.  after,  right 

1  .4 

0.57 

80  min.  after,  hdt /(llCd) 

217 

1  .8 

0.5li 

i:{ 

121 

III 

87.5  min.  before 

2.0 

0.10 

37. 5  min.  after 

151 

2 .5 

0  .,5,5 

14 

i:ii 

8 

,50  min.  before 

2.4 

0.,52 

.50  min.  after 

.500 

1  .9 

0.47 

15 

4(U) 

1) 

50  min.  before 

1  .2 

2.0 

105  min.  after 

090 

1  .7 

2 .2 

'  ('ollcction  pcTiods  refer  to  times  of  eolleetioii  before  uiiil  after  intra-arterial  iiijeetioii  of 
HCO. 


caused  a  significant  increase.  This  occurred  whether  or  not  ttie  absolute 
output  of  the  hormone  was  increased  (Table  2).  If  the  preinjections  of  HCd 
were  less  than  5.5  i.u.  per  kg.  per  day,  however,  no  measurable  incorpora¬ 
tion  of  acetate  carbon  could  be  detected,  before  or  after  the  intra-arterial 
HC(1  administration.  The  increase  in  specific  activity  was  not  simple  due 
to  the  coincidence  of  the  IICCl  injection  and  the  time  reciuired  to  use  up 
intermediates  in  testosterone  bio.synthesis  because  there  was  no  correlation 
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KxixTimciit  ix>.; 


HCCJ  Proinjections,  i.r./lU  kg. /day  (it) 
.\vc.  acetate  infusion,  /uc/iHi»-  0.20 

ifCtJ,  Intra-arterial  Inj.,  i.u./lO  kg.  000 

Time  blood  i-ollected:* 

Mcforc  HCO,  mill.  05 

.\ft<*r  IK'O,  min.  200 

Testosterone  spec,  act.,  .\vc.: 

Before  HCO,  epm/mg.  X  10“='  508 

.\fter  HC(1,  ej)m/mg.  X  10*2  550 

Testosterone  prodiieetl,  .\ve.; 

Hi'fore  HCd,  m/iinoles/min.  1  .01 

.\fter  HC'O,  m/umoles/min.  2.02 

.\eetate  conversion,  .\ve.; 

Before  llCfl,  %  of  infused  .002 

.\fter  HCf!,  %  of  infused  .011 


p 

10 

1 1 

12 

12 

14 

74 

78 

80 

114 

121 

121 

0.28 

0.25 

0.50 

0.20 

0.22 

0.17 

740 

425 

425 

217 

151 

500 

120 

120 

(iO 

80 

88 

.50 

45 

120 

00 

80 

28 

.50 

2480 

1 145 

1020 

848 

80 

105 

7.500 

2120 

1215 

1 720 

220 

100 

0 . 7.5 

1  .02 

2 . 0,5 

4.02 

1.15 

2.02 

2.81 

2.42 

0.02 

2.88 

0.20 

2.20 

.00() 

.008 

.012 

.017 

.001 

.002 

.087 

.027 

.022 

.022 

.012 

.005 

*  The  blood  was  collected  in  10-20  minute  samples.  Testosterone  and  testosterone  specific 
activity  were  determined  on  each  sample.  The  values  given  are  averages  of  all  samjiles  before 
or  after  HC'(i. 


between  time  or  total  te.stosterone  output  before  HCti  injection  and  the 
increase  in  specific  actinty  after  injection.  Further,  in  experiment  12  Itlood 
was  collected  simultaneously  from  both  the  left  and  the  right  testicular 
veins  while  HCG  was  given  only  to  the  left  testis.  In  spite  of  the  fact  that 
the  total  te.stosterone  secretion  after  the  HCG  injection  was  not  signifi¬ 
cantly  increased,  the  specific  activity  of  testosterone  .secreted  by  the  testis 
receiving  HCG  increa.sed  both  in  relation  to  the  specific  activity  of  testo- 
.sterone  .secreted  before  HCG  and  in  relation  to  the  specific  activity  of 
te.sto.sterone  .secreted  by  the  testis  not  receiving  HCG.  In  the  uninjected 
testis  the  specific  activity  did  not  change  significantly  over  the  same  period 
of  time  (Table  8).  The  effect  on  .specific  radioactivity,  therefore,  appears  to 
be  directly  related  to  the  action  of  HCG. 


Tabi.e  2.  Testosterone  skeitkic  activities  in  experiment  12 


.\cptatp  was  infused  into,  and  blood  was  collected  from,  both  testes  but 
HCXl  was  injected  into  the  circulation  of  the  left  testis  only 


('ollection  period  min. 

Testosterone  specific 

activity  cpm/mg.  XIO  * 

20 

Left 

812 

Right 

20 

725 

— 

20 

092 

— 

20 

873 

1240 

20 

Inj.  HCC;  500  i.r.* 
1.570 

022 

20 

1820 

008 

40 

14.50 

1110 

*  The  HCCi  injection  was  made  into  the  arterial  sujiiily  of  this  testis. 
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Tabi.e  4.  Testosteroxe-axurostenedioxe  ratios  before  axi> 

AFTER  IXTRA-ARTERIAI,  ADMIXISTRATIOX  OF  HCd 


Ratio  of  testostiTono 
to  androstenedione 

Before  HCd  After  HCd 

.\verage  s 

^lieeifie  aetivity 

Kxperi- 
iniTit  no. 

Testosterone 

.\ndroste 

nedione 

Before  HCd 
epm/mK. 
XU)-* 

After  HC( 
epm/mg, 

xio* 

!  Before  HCti 
epin/mg. 
XU)-* 

After  H('d 
(•pin /mg. 
X10-* 

(> 

2.(j  2.7  1 

_ 

8.1 

1 

8. a 

7 

4.8  d.ti 

90 

250 

70 

:i.50 

9 

1.9  2.0 

790 

41 10 

880 

1970 

:C7  :c.  ^ 

520 

970 

090 

1020 

In  four  experiments  the  specific  activity  of  4-an(lrostene-3,17-(lione  could 
also  he  determined  in  spermatic  vein  blood  before  and  after  the  intra¬ 
arterial  injection  of  HC(J.  The  specific  activity  of  this  compound  as  sum¬ 
marized  in  Table  4  was  comparable  to  that  of  the  accompanying  testo¬ 
sterone,  and  the  testosterone-androstenedione  ratio  did  not  change  signifi¬ 
cantly. 

The  identities  of  both  testosterone  and  androstenedione  were  established 
by  chromatography  of  derivatives  of  individual  samples  and  by  recrystal¬ 
lization  of  a  pooled  sample  of  the  unknown  diluted  with  the  appropriate 
carrier  material.  The  material  corresponding  to  testosterone  on  the  paper 
chromatograms  was  treated  with  acetic  anhydride  and  pyridine,  1 :2  v  v, 
overnight  at  room  temperature.  Chromatography  of  the  resulting  material 
indicated  that  an  acetate  had  been  formed  corresponding  to  testosterone 
acetate  and  without  a  change  in  specific  activity.  The  unknown  was  also 
treated  with  chromium  trioxide  in  glacial  acetic  acid,  and  a  compound  was 
formed  which  corresponded  to  androstenedione  on  chromatography. 
Similar  procedures  were  carried  out  with  the  unknown  material  corre¬ 
sponding  to  androstenedione  on  the  chromatograms.  In  this  case,  no  change 
in  the  chromatographic  behavior  of  the  original  material  was  noted  after 
acetylation,  and  the  specific  activity  remained  unchanged.  When  the 
pooled  samples  corresponding  to  testosterone  and  androstenedione  were 
recrystallized  with  10  mg.  of  the  appropriate  unlabelled  steroid,  there  was 
no  significant  change  in  specific  activity,  either  on  the  first  crystallization 
or  after  recrystallization  from  different  solvents  (Table  o). 

Table  5.  UErRVSTALLiZATiox  of  testosterone  am>  androstenedione 

TO  CONSTANT  SPECIFIC  ACTIVITY 


Testosterone 

.\ndrostenedione 

Speeifie 

Speeifie 

Solvent  aetivity 

Solvent  aetivity 

epm/mg.  X  10“* 

epm/mg.  X  10“* 

Original 

_ 

184 

_ 

11:1 

First  reervstallization 

.\eetone 

I8:i 

Kthanol 

i:V2 

Second  reervstallization 

Benzene 

19:1 

Methanol 

no 

Third  reerystallization 

Methanol 

182 

Methanol 

1 10 

June,  1901 


BIOSYNTHESIS  OF  TESTOSTERONE 


905 


TaBI.E  (i.  Sl’BCELI.VI.AR  DISTRIBETIOX  A\l)  SPECIFIC  RADIOAI’TI VITY 
OF  DIGITOMX  PRECIPITABLE  STEROLS 


Expt. 

Subcellular 

fraction* 

Digitonin  jireci 

ITistimulated  testis 

Ipitable  sterols 

Stimulated  testis 

Sj).  act.  of  i>lasma 
testosterone 

.\mt.** 

/iinoles 

Sp.  act. 
epm/mg.  : 

.\mt.“  Sj).  act. 

/mmoles  cpm/fimole' 

I’nstim.  Stim. 

ci)m/mg.  cpm/mg. 

12 

Mitochondria 

1  .d 

7450 

2.5  7270 

84800  172000 

li.  Microsomes  , 

3.5 

8440 

2.7  8040  I 

S.  Microsomes 

d.T} 

14.540 

d.d  92.50 

Supernatant 

1  .0 

;  12100 

0.8  10080 

Id 

Mitochondria 

1  .9 

;  0480 

1.2  i  4000 

8000  ddOOO 

j 

b.  Microsomes 

4.8 

i  5000 

!  5.d  j  dOOO 

S.  Microsomes 

5.2 

1  8200 

!  0.0  !  4d20 

j  Supernatant 

4.d 

•  100,50 

1  2.9  i  9dl0 

!  ' 

14 

1  Mitochondria 

i  Il.t) 

4920 

7.0  I  d220 

10.500  i  19000 

'  L.  Microsomes 

1  d.d 

1  d710 

0.0  2980 

i 

1  S.  Microsomes 

2.d 

1  d020 

d.7  1  2290 

1  1 

1  Supernatant 

I  1  •“ 

i  0020 

j  d.l  '  d080 

*  For  metlioOs  of  cpiitrifuKal  sPiRiration  see  text. 

*  F>timiite(l  by  colorimetric  method  of  Zak  (11). 


In  a  number  of  experiments  the  specific  activities  of  the  digitonin  precipi- 
table  material  isolated  from  mitochondrial,  microsomal  and  cytoplasmic 
fractions  of  the  HCCJ  stimulated  testes  were  compared  with  those  of  similar 
fractions  from  the  corresponding  unstimulated  testis.  In  none  of  the  fiac- 
tions  did  the  gonadotropin  produce  a  consistent  change.  In  Tal)le  b  the 
values  for  the  mitochondrial,  microsomal  and  supernatant  fractions  are 
compared  with  the  specific  activities  of  the  spermatic  vein  testosterone  in 
the  three  experiments  where  all  values  were  obtained.  Xot  only  is  there  no 
consistent  change  in  the  specific  activities  of  the  digitonin  precipitable 
material  with  stimulation,  but  there  is  no  relationship  to  the  specific 
activities  of  the  testosterone.  Moreover,  the  specific  activities  of  the  testo¬ 
sterone  after  HCG  injection  are  higher  than  those  of  any  of  the  correspond¬ 
ing  digitonin  fractions. 

Table  7.  1’crific’ation  of  c  holesterol  as  the  dioitomde 

AND  AS  THE  DIBROMIDE* 


F^xpc*riment  1 1 
Original 

Twice  recry.stallized 

Experiment  Ui 
Original 

Twice  recry.xtallized 


Cholesterol  digitonide, 
sp.  act.  as  cholesterol 

cpm/nig. 

-.W.i 

:i75 


557 

d74 


C'holestiTol  dibromide, 
sj).  act.  as  cholesterol 

epm/mg. 

127 

Idl 


190 

178 


*  20  mg.  pure  cholesterol  were  added  to  the  combined  sterol  fractions  from  the  different 
cellular  components  separated  by  ce'itrifugation  from  a  testis  injected  intra-arterially  with 
HCG.  Precipitation  with  digitonin  and  |)urification  through  the  diiiromide  were  then  car¬ 
ried  out. 
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'riie  amounts  of  labelled  (lisitonin  precipitable  material  in  the  individual 
samples  were  too  small  to  yield  sifinificant  specific  activities  after  the 
necessary  dilution  to  permit  purification  through  the  dibromide,  but  in  one 
experiment  the  fractions  from  the  various  cellular  fractions  were  combined 
and  carried  through  the  procedure  as  described  by  Schwenk  and  Werthes- 
sen  (12).  As  these  authors  found  with  digitonin  precipitable  material  in  the 
liver,  the  specific  activity  of  the  regenerated  cholesterol  was  only  half  that 
of  the  fraction  recrystallized  with  cholesterol  before  the  purification  (Table 
7).  Thus,  acetate  carbons  had  apparently  been  rapidly  incorporated  into 
digitonin  precipitable  material  other  than  cholesterol.  This  makes  the 
over-all  difference  between  the  specific  activities  of  cholesterol  and  testo¬ 
sterone  even  greater  and  raises  the  question  of  the  unknown  intermediates 
as  more  direct  precursors  of  the  hormone. 

DISCUSSION' 

Two  important  characteristics  of  gonadotropic  action  on  testosterone 
biosynthesis  have  been  established  by  these  experiments.  Fir.st,  .since 
testosterone  specific  activities  were  approximately  doubled  by  HCG  injec¬ 
tion  in  animals  where  the  steroid  output,  already  high,  was  not  increased, 
the  effect  of  the  gonadotropin  must  be  on  some  step  (or  steps)  in  biosynthe- 
.sis  of  testosterone  which  precedes  the  rate  limiting  step.  Second,  since  a 
marked  increase  in  rate  of  acetate  incorporation  into  te.stosterone  follows 
by  a  very  short  interval  the  introduction  of  HCG  into  the  spermatic  artery, 
the  pool  of  intermediates  must  be  relatively  small. 

.\  .'^eries  of  enzymic  reactions  involved  in  the  formation  of  testosterone 
from  the  21-carbon  steroid  o-pregnene-;i/3-ol-20-one  by  the  testis  have 
been  rather  clearly  delineated.  They  involve  a  conversion  of  this  compound 
to  progesterone  under  the  influence  of  a  8/3-hydroxysteroid  dehydrogenase 
(13)  and  an  isomerase  (14),  the  conversion  of  progesterone  to  17a-hydroxy- 
progesterone  and  the  subsequent  oxidative  splitting  of  the  side  chain  (lo) 
with  the  release  of  acetic  acid  (16)  to  form  4-androstene-3,17-dione,  and  the 
reduction  of  the  latter  reversibly  to  testosterone  through  the  action  of  a 
17|3-hydroxy steroid  dehydrogenase.  Of  these,  the  only  compounds  present 
in  bovine  testis  extracts  in  more  than  trace  amounts  are  5-pregnen-3/3-ol- 
20-one  (17)  and  testosterone  (18).  Thus  in  the  bovine  a  limiting  reac¬ 
tion  would  seem  to  be  the  dehydrogenation  of  pregnenolone.  Since  the 
seipience  .seems  to  be  the  same  in  other  species  this  may  also  be  a  rate 
limiting  .step  in  the  dog.  Since  the  increase  in  specific  activity  without  a  rise 
in  total  output  of  testosterone  in  some  cases  would  mean  that  HCG  acts 
before  a  rate  limiting  step,  the  gonadotropic  effect  would  seem  to  be  before 
pregnenolone. 

In  view  of  the  low,  u.sually  unmeasurable,  concentrations  of  all  these 
compounds  in  the  testes  it  is  not  surprising  that  carbon  from  circulating 
acetate  would  appear  quickly  in  the  venous  testo.sterone  during  active 
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testosterone  biosyntliesis  and  secretion,  providing  a  large  cholesterol  pool 
was  not  involved.  This  .seems  to  he  the  case  since,  as  Brady  (4)  observed, 
a  marked  increa.se  in  acetate  incorporation  in  testosterone  after  HC(1  is  not 
as.sociated  with  any  change  in  incorporation  into  total  cholesterol.  More¬ 
over,  our  results  show  that  the  increase  is  in  specific  activity  as  well  as  total 
incorporation.  The  limited  nature  of  the  cholesterol  pool,  if  it  exists,  is  also 
indicated  by  the  lack  of  influence  of  HCCl  injection  on  the  specific  activi¬ 
ties  of  the  digitonin-precipitable  material  in  the  .separate  particulate  frac¬ 
tions.  This  is  emphasized  even  more  by  the  fall  in  specific  activity  when 
the  digitonin-precipitable  material  which  was  recrystallized  to  constant 
specific  activity  with  cholesterol  was  .subjected  to  the  purification  through 
the  dibromide.  The  evidence  presented  here  does  not  strengthen  the  hy¬ 
pothesis  of  cholesterol  as  an  obligatory  intermediate.  On  the  other  hand, 
the  experiments  of  Loud  and  Bucher  (19)  showing  that  only  about  1%  of 
the  small  hepatic  squalene  pool  is  actually  involved  in  cholesterol  biosyn¬ 
thesis  make  any  conclusions  uncertain  until  similar  studies  are  carried  out 
with  the  cholesterol-testo.sterone  sequence  in  the  testis  or  an  alternate 
intermediate  is  demonstrated. 
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ADRKXO-C'ORTK'AL  AND  MEDULLARY  RESPONSES  TO 
ADENOSINE  3',o'-MONOPIIOSPHATEi 

JAMES  (1.  HILTON,  OSCAR  R.  KRUESI,  RELJA  L 
NEDELJKOVIC  axd  LOUIS  F.  SCIAN^ 

!)( fxirtment  of  Medicine,  St.  Luke's  Hospital,  Xeie  York,  X.  Y. 

AHSTKAC'T 

Hy  means  of  (lircet  arterial  i)erfusion  of  the  isolateil  intaet  don  adrenal 
nlands  it  has  hc'en  found  that  adenosine  3',5'-monophos|)hate  stimulates  the 
continuous  secretion  f)f  hydrocortisone.  Durinn  the  ])eriod  of  administration  of 
the  nucleotide,  tin*  character  and  magnitude  of  steroid  secretion  was  com¬ 
parable  to  that  seen  during  perfusion  of  .VCTH.  Steroidogenesis  hy  rat  and 
guinea  pig  adrenal  slices  incubated  with  3',5'-monophosphate  was  also  studied, 
and  a  species  difference  in  sensitivity  of  response  has  been  demonstrated. 

Cathechol  amine  secr(‘tion,  studied  in  the  dog  adrenal  preparation,  was 
unaffected  by  perfusion  of  eitlu'r  .VCd'H  or  the  nucleotide. 

IT  HAS  been  shown  that  adrenocorticotropic  hormone  will  increase  the 
phosphorylase  activity  of  steer  adrenal  cortical  slices  (1)  and  extracts 
(2)  in  vitro.  This  ACTH  activation  of  adrenal  phosphorylase  is  mediated 
through  adenosine  3',o'-monophosphate  (3', o'  AMP)  (3).  Furthermore, 
3',o'  AMP  added  to  rat  adrenal  gland  slices  incubated  in  vitro  elicits  a 
response  in  corticosteroid  production  equal  to  or  greater  than  that  pro¬ 
duced  by  ACTH  (4). 

Since  in  vitro  systems  have  limited  physiologic  potentials  and  since  it  has 
l)een  shown  that  phosphorylase  activity  in  vivo  is  unidirectional  as  con- 
tra.sted  to  a  reversible  behavior  in  vitro  (o),  we  thought  it  germane  to  study 
the  effect  of  3', o'  AMP  on  the  isolated  perfused  intact  dog  adrenal  gland 
preparation. 

In  addition,  further  studies  were  performed  on  adrenal  slice  incubates  of 
the  guinea  pig  since  guinea  pigs,  as  do  dog  and  man,  produce  hydrocorti¬ 
sone  (cpd  F)  as  the  major  adrenal  steroid  ((>).  These  studies  were  com¬ 
pared  with  results  obtained  from  the  incubation  of  rat  adrenal  slices  .since 
the  rat,  as  well  as  the  steer  (7),  produces  cortico.sterone  (cpd  B)  as  the 
major  adrenal  steroid. 

The  data  to  l)e  reported  show  that  both  isolated  perfused  dog  adrenal 
glands  and  guinea  pig  adrenal  .slices  respond  to  3', 5'  AMP  with  an  in¬ 
crease  in  hydrocorti.sone  .secretion,  whereas  rat  adrenal  slices  produce 
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corticosterone  after  stimulation  hy  the  nucleotide.  Furthermore,  it  was 
noted  that  catechol  amine  output  from  the  isolated  perfused  dog  adrenal 
gland  is  not  increased  by  either  ACTH  or  \V,o'  AMP. 

EXPERIMENTAL 

Mntcrinl — Adrenal  sliuids,  freshly  obtained  from  fifteen  Harth'y  line  nainca  pi>;s  of 
both  sexes  (mean  weight  299  Kin.;  range  267  to  338  Kin-)  and  twenty-eiKht  male  Sprague- 
Dawley  rats  (mean  weight  198  gm.;  range  174  to  220  gm.)  were  used  in  the  in  vitro 
studies. 

The  experiments,  designed  to  investigate  the  direct  effect  of  3', 5'  AMP  on  the  adrenal 
glands  in  vivo,  utilized  six  pairs  of  adult  dogs,  i.e.  a  donor  and  a  recipient  in  (*ach  ex- 
pi'riment.  The  in  situ  perfusion  of  the  recipient  dog  adrenals  (the  arterial  inflow  as 
well  as  venous  outflow  being  comidetelj'  isolated  from  the  systemic  circulation),  with 
hcjiarinized  arterial  blood  of  the  donor  animal  was  carried  out  by  means  of  a  pumi)  ac¬ 
cording  to  the  method  described  by  Hilton  et  ol.  (8).  The  3',o'  AMP  samiile,  Lot  No. 
128-679-2  or  Lot  No.  79651,  purchased  from  Sigma  Chemical  C'ompany,  and  Lot  No. 
.VOC60()1  kindly  donated  by  the  Schwartz  Biochemical  Company,  was  added  to  the 
arterial  circuit  leading  to  the  adrenal  preparation.  The  .\CTH  samiile  used  in  the  saim* 
manner  at  the  end  of  each  perfusion  experiment  was  a  product  of  the  rpjohn  Conijiany 
(Corticotropin  Injection).  The  same  substances  were  used  in  the  in  vitro  study  of 
steroidogenesis  by  guinea  pig  and  rat  adrenals. 

.Ml  operations  were  performed  under  sodium  pentobarbital  anesthesia,  induced  intra- 
jieritoneally  in  guinea  pigs  and  rats  (.50  mg./ kg.  of  body  weight)  and  intravenously  in 
dogs  (26  mg./ kg.  of  body  weight).  In  three  instances  donor  and  recijiient  dogs  were 
hypophysectomized,  as  described  by  McClean  (9),  the  day  before  the  experiment. 

Incubation  of  slices — .\drenals,  removed  from  28  rats  and  15  guinea  pigs,  were  cut 
into  three  equal  parts.  Both  rat  and  guinea  pig  adrenal  thirds  were  then  divided  into 
three  groups  and  incubated  in  oxygenated  Krebs-Ringer-bicarbonate-0.01  M  glucose 
medium  as  described  by  Haynes  et  al.  (1,  4).  .\fter  incubation  the  medium  was  removed, 
the  slices  rinsed  with  1.5  to  2.0  ml.  of  fresh  incubation  solution  and  then  the  medium, 
with  added  rinsings,  extracted  three  times  with  three  separate  aliquots  of  purifieil 
methylene  chloride.  The  pooled  methylene  chloride  extracts  were  evaporated  to  dryness 
under  vacuum  at  a  water  bath  temperature  of  40°  C  before  chromatography. 

Blood  samples — The  concentration  of  hydrocortisone  both  in  the  arterial  plasma  en¬ 
tering  the  recipient’s  adrenal  glands  as  well  as  in  vmious  jilasma  leaving  the  glands  was 
determined  by  the  method  of  Peterson  et  al.  (10).  Epinephrine  and  norejiinephrine  de¬ 
terminations  were  done  by  the  method  of  Weil-Malherbe  and  Bone  (11).  Adrenal 
jilasma  flow  was  calculated  from  the  measured  adrenal  venous  blood  flow  and  the  hemat¬ 
ocrit  of  the  adrenal  venous  blood.  The  rate  of  hydrocortisone  and  catechol  amine  secre¬ 
tion  by  the  adrenal  glands  was  calculated  by  multiplying  the  arteriovenous  concentration 
difference  by  the  adrenal  jdasma  flow  and  is  exjiressed  in  )ag  minute. 

Descending  paper  chromatography — ('hromatographic  fractionation  of  steroids  from 
the  adrenal  gland  incubates  was  done  by  a  modified  Bush  system  (toluene — nudhanol — 
water,  10:7:3)  (12).  The  method  of  Peterson  (13),  (cyclohexane — benzene — methanol — 
water,  2:2:2:1),  was  used  for  chromatography  of  the  dog  plasma  extracts.  The  chromat¬ 
ographic  mobility  of  unknown  steroids  was  always  compared  with  that  of  referenci* 
standards  of  hydrocortisone  and  corticosterone  containing  2,  5,  and  10  pg  of  authentic 
steroid  (free  alcohol)  run  under  identical  conditions.  Aftor  staining  with  blue  tetrazolium, 
the  develojied  chromatograms  were  analyzi'd  in  a  recording  and  inti'gration  densitometer 
(.Vnalytrol,  Spinco,  Model  RB)  equipped  with  550  mp  interference  filters  and  the  B-2 
cam  for  colorimetry  according  to  Kittinger  (14).  Enknowns  were  calculated  from  stand- 
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Following;  control  tH'riods,  AMP  was  infused  at  doses  and  duration  indicated  and 

the  increment  rise  in  cpd  F  secretion  (AF)  in  th<‘  adrenal  venous  elHiumt  over  the  control 
secretion  rate  is  shown  and  compared  with  similar  AF  secretion  followint;  injection  of  AC"!'!! 
at  the  end  of  each  experiment. 


Kxpt.  no. 
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t  /ig/niiu. 
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ard  “peaks”  obtained  from  papers  run  with  known  amounts  of  tin;  reference  standards. 
This  techniciue  j  ields  recoveries  averaging  95%  (range  8H-102). 

RESULTS 

The  effects  of  infusing  8', o'  AMP  into  tlie  arterial  Itlood  perfusing  tlie 
intact  i.solatecl  adrenal  glands  of  8  hypophy.sectomized  and  8  nonhypophy- 
sectomized  dogs  are  shown  in  Table  1.  The  blood  flow  into  the  adrenals 
was  kept  constant  at  10  ml.  minute,  so  that  the  effective  concentration 
of  8', o'  AMP  (di.ssolved  in  1  ml.  0.9%  XaCl)  added  to  this  arterial  blood 
was  either  2.9X10~^  M  (1.0  mg.  min.)  or  2.9X10  M  (0.1  mg.  min.). 
The  .secretion  of  hydrocortisone  (cpd  F)  into  the  adrenal  venous  effluent 
was  very  low  during  the  control  collection  periods  in  the  hypophy.sec¬ 
tomized  preparations,  indicating  virtual  ab.sence  of  endogenous  ACTH, 
and  variably  high  in  the  non-hypophy.sectomized  preparations.  Because  of 
the  variability  in  the  responsivene.ss  of  the  adrenals  to  the  .supramaximal 
do.se  of  ACTH  of  one  unit  per  minute  from  one  dog  to  the  next,  we  have 
tabulated  the  re.sults  in  terms  of  the  increment  above  control  (Ak^)  in 
hydrocortisone  secretion  following  8',5'  AMP  and  ACTH.  It  can  be  seen 
from  Table  I  that  in  o  of  (i  experiments  the  stimulation  of  cpd  F  .secre¬ 
tion  following  8', o'  .\MP  was  equal  to  or  greater  than  stimulation  follow¬ 
ing  ACTH.  Since  hydrocortisone  concentrations  in  the  adrenal  venous 
effluent  of  the.se  .six  experiments  were  determined  by  a  chemical  procedure 
(10)  which  does  not  distinguish  between  cpd  F  and  1 1-desoxyhvdrocor- 
ti.sone  (cpd  S),  additional  samples  of  the  plasma  were  subjected  to  paper 
chromatography  and  it  was  found  that  both  .\CTH  and  8',o'  .VMP  pri¬ 
marily  enhanced  cpd  F  secretion.  Small  amounts  of  cpd  B,  which  had  not 
been  (letected  in  the  control  .samples,  were  also  found. 
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'FaBI-K  2.  C'oMBAHISOX  EFFECT  OF  3', 5'  AMP  ON  VRODCCTION  OF  I'ORTICOIDS 
BY  SECTIONED  RAT  AND  C.CINEA  IMC  ADRENAI.S  IN  VITRO 

PrciiH‘ul).Ttion:  1.9  hour  in  Krcbs-RintJcr-hicarhoiiiitf-O.Ol  M  j^lucosc  in(‘dium  (1.2  nil. 
l)cr  100  m>j.  wet  tissue).  Final  incubation;  1.0  hour  in  the  same  medium.  'I'he  control  ttroup 
of  glands  received  no  addition  to  the  medium.  One  third  of  the  glands  received  7.5  Mmoles  of 
3', 5'  .\MP  per  ml.  of  medium  in  the  rat  experiment  and  22.2  pinoles/ml.  in  the  guinea  pig 
experiment.  The  other  third  of  the  glands  received  0.1  unit  .\('TH  jier  lOt)  mg.  of  tissue  in 
both  experimi'iits. 


.\(l(lition 

('orticoid  output  * 

F.xpprimpnt  1.  .(28  rats) 

H  /ig/IOO  mg.  wet  tissue 

Xoiip 

1  .8 

7.5  iiinolps  3', 5'  .\.MI’ 

5.8 

83  mu  A(’TH 

0.2 

lOxpprimpiit  2.  (15  guiiipa  pigs) 

1  F  /ig/ 100  mg.  wet  tissue 

Noiip 

'  0.37 

22.2  /nmoles  3', 5’  .tMl’ 

0 . 73 

83  mu  .\()TI1 

i  0.78 

*  As  blue  tidrajiolium  reacting  material. 


In  every  experiment  of  tliis  {rioiip  upon  addition  of  tlie  nucleotide  to  the 
blood  perfusintr  the  frland.s  there  was  an  immediate  increase  in  the  produc¬ 
tion  of  hydrocortisone  which  persisted  as  long  as  the  ‘.V,o  AMP  was  given 
(nine  to  forty-two  minutes). 

Table  2  illustrates  the d^a  from  experiments  in  which  R/o'  .\MP  and 
.\CT1I  were  added  to  rat  tind  guinea  pig  adrenal  slices  incubated  in  vitro. 
The  conditions  of  incubation  and  media  used  were  as  described  by  Haynes 
vt  nl.  in  their  experiments  with  rat  adrenals  (1,  4).  In  confirmation  of  the 
work  of  these  investigators  we  noted  increased  synthesis  of  cpd  B  by  the 
rat  adrenal  slices  under  the  influence  of  8', 5'  AMP  at  a  concentration  of 
T.oXlO  '*  M.  There  was  no  cpd  F  detected  in  any  of  these  experiments 
on  the  rat  adrenal  slices.  In  contrast,  the  guinea  pig  slices  produced  cpd  F 
upon  incubation  with  AMP  but  only  when  a  concentration  of  the 
nucleotide  of  2.2X10~-  M  was  used.  Small  amounts  of  cpd  B  were  also 
detected  following  both  .VCTH  and  AMP. 

Finally,  in  Table  8  are  shown  the  results  of  four  experiments  in  which 
norepinephrine  and  epinephrine  secretion  from  the  perfused  i.solated 
adrenal  glands  was  measured.  It  can  be  seen  that  neither  ACTII  nor  8',o^ 
.V.MP  influenced  catechol  amine  secretion  from  the  adrenal  medulla. 

Table  3.  Lack  of  effect  of  3', 5'  .\M1’  and  ACTH  on  noreiunephri.ne  and  epi¬ 
nephrine  SECRETION  FROM  ISOLATED  PERFl  SED  1)00  ADRENAL  OLANDS 

The  amounts  of  .\CTH  ami  3', 5'  .\M1’  administerpii  were  fhp  samp  as  in  pxpprimpiits 
1-4  of  Taiilp  1. 


Procedure 

No.  periods 

Non'piiiephrine 

/xg/min. 

F^iinephrine 

Mg/miii. 

(-'ontrol 

13 

0.12 

0.43 

3', 5'  AMP 

17 

0.09 

0.20 

ACTH 

1 1 

0.10 

0 . 45 
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DISCUSSION 

Haynes  and  co-workers  (3,  4)  working  with  in  vitro  systems  were  the 
first  to  show  tliat  ACTH  stimulation  of  corticosteroid  production  was 
mediated  via  8', o'  AMP  activation  of  adrenal  phosphorylase.  In  such 
systems,  however,  physiologic  enzyme  activities  may  he  altered,  reversi¬ 
bility  of  reaction  may  occur  due  to  accumulation  of  reaction  products,  and 
temporal  relationships  of  enzyme  reactions  may  not  be  clearly  definable  if 
an  equilibrium  state  is  established.  These  considerations  become  important 
in  view  of  the  recent  observation  that  in  in  vivo  systems  phosphorylase 
probably  acts  unidirectionally  to  produce  continuous  glycoly.sis  (o). 

It  was  therefore  of  interest  to  us  to  examine  the  effect  of  perfusion  of 
8', o'  AMP  in  an  in  vivo  system  since  this  allowed  for  the  study  of  the  con¬ 
tinuous  effects  of  the  nucleotide  on  the  adrenal  glands.  If  steroidogenesis 
were  to  proceed  unabated  during  8', o'  AMP  infusion,  this  would  indicate 
that  phosphorylase  activation  is  an  important  factor  in  the  response  to 
.\CTH.  Our  finding  that  perfusion  of  8',o'  AMP  into  the  intact  dog  adrenal 
glands  causes  continuous  production  of  corticosteroids  in  the  absence  of 
ACTII  substantiates  this  concept. 

Another  feature  of  the  present  inve.stigation  is  the  demonstration  of  a 
species  difference  in  the  sensitivity  of  the  re.spon.se  of  the  adrenal  cortex  to 
.stimulation  by  8',o'  AMP.  We  have  confirmed  the  work  of  Haynes  et  al.  (4) 
that  the  rat  adrenal  .slice  incubated  with  7.5X10  M  concentration  of 
8', 5'  AMP  responds  with  an  increase  in  cpd  B  production  of  the  same  order 
of  magnitude  as  that  seen  following  incubation  with  ACTH.  How¬ 
ever,  the  Hartley  strain  guinea  pig,  a  species  in  which  cpd  F  is  the  major 
steroid  produced  after  ACTH  stimulation  (0)  only  responds  to  the  nucleo¬ 
tide  at  a  concentration  of  2.2  X  10~-  M.  Whether  this  repre.sents  an  altered 
cell  permeability  to  8'5'  AMP-^  cannot  be  an.swered  from  the  present  experi¬ 
ments.  It  should  be  noted,  however,  that  the  efficiency  of  steroidpgqnesis 
by  the  guinea  pig  adrenal  either  during  control  incubation  or  after  ACTH 
is  less  than  that  by  rat  adrenal  .slices  incubated  under  the  same  conditions 
(Table  2). 

It  is  of  interest  to  note  that  the  perfu.sed  dog  adrenal  preparation  ap¬ 
pears  to  be  the  most  .sen.sitive  to  8', 5'  AMP.  We  obtained  good  stimulation 
of  hydrocortisone  secretion  at  concentrations  of  2.9X  10  “  M  of  8', 5'  AMP. 
A  .similar  increa.sed  .sen.sitivity  to  ACTH  was  noted  by  Macchi  and  Hecter 
(5)  comparing  perfused  intact  cow  adrenal  glands  with  incubated  cow 
adrenal  slices. 

Since  it  has  been  shown  that  glucagon  will  stimulate  the  production  of 
8',5'  AMP  by  liver  slices  (15)  and  that  glucagon  will  also  stimulate  the 


*  In  one  additional  study,  designed  similarly  to  Experiment  2  of  Table  2  except  that 
guinea  pig  adrenal  gland  homogenates  instead  of  slices  were  used,  no  stimulation  of  cpd 
F  production  was  observed  by  either  ACTH  or  3',.5'  AMP. 
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secretion  of  epinephrine  and  norepinephrine  by  tlie  isolated  intaet  perfused 
dog  adrenal  gland  (lb)  it  was  anticipated  that  AMP  would  likewise 
stimulate  catechol  amine  secretion.  However,  as  seen  in  Table  8,  dosages 
of  3', o'  AMP  and  ACTH  which  produced  good  secretion  of  hydrocortisone 
failed  to  stimulate  the  adrenal  medulla.  The  mechanism  of  stimulation  of 
catechol  amine  .synthesis  would  thus  appear  to  be  unrelated  to  nucleotide 
activity  and  still  remains  to  be  elucidated. 
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ABSTRACT 

Thyroid  rcf^ulatory  responses  to  thyroxine  adnlini^^tration  and  to  hemi- 
thyroidectoiny  have  hc'en  studied  in  hypopliyseetoinized  rats  bearing  intra¬ 
ocular  pituitary  transplants.  The  intra-ocular  graft,  though  separated  from 
dir(‘ct  contact  with  the  hypothalamus  stimulated  thj-roid  I’’*  uptake  but  did  not 
influence  other  measures  of  thyroid  function  (I'”  release  rate,  thyroid  weight, 
I’BI).  The  grafts  released  ACTH  but  had  no  effect  on  growth  or  on  testicular 
weight.  In  the  presence  of  the  graft  but  not  in  ungrafted  hypophysectomized 
animals  hemi-thyroidectomy  was  followed  by  increased  TSH  release  as  evi¬ 
denced  b\'  a  more  rapid  1'”  release  rate,  stimulation  of  I'”  uptake  and  thyroid  en¬ 
largement.  Thyroxine  injection  led  to  thyroid  inhibition  both  in  pituitary 
graft-bearing  hypophysectomized  and  in  normal  animals,  but  not  in  un¬ 
grafted  hypophysectomized  rats.  These  findings  were  taken  to  indicate  that 
pituitary  tissue  is  capable  of  approjiriate  and  autonomous  TSH  secretory  re¬ 
sponses  to  alterations  in  blood  thyroid  hormone  level.  It  was  also  shown  that 
thyroxine  treatment  depre.sses  thyroid  function  to  a  greater  degree  than  does 
hypophysectomy.  The  low  I'*'  release  rate  of  hypophysectomized  rats  is  not 
further  reduced  by  thyroxine.  In  contrast,  pituitary  graft  bearing  hypophysec¬ 
tomized  rats  (whose  resting  thyroid  release  rate  is  the  same  as  those  animals 
without  the  pituitary  graft)  have  a  marked  thyroid  inhibitory  response  to 
thyroxine.  Maximum  decrease  in  tlu  roid  function  after  thyroxine  administra¬ 
tion  thus  ai)pears  to  require  the  presence  of  pituitary  tissue. 

Tlll'j  delicately  balanced  relationship  that  exist.s  between  the  .secretion 
of  pituitary  thyrotrophin  (TSH)  and  the  .secretion  of  the  thyroid 
hormone  has  been  amply  documented  (1,  2,  d).  Implicit  in  the  a.s.sump- 
tions  of  earlier  workers  in  this  field  was  that  the  circulating  thyroid  hor¬ 
mone  acted  directly  on  the  anterior  pituitary  gland  to  regulate  its  secre¬ 
tion,  but  in  more  recent  years  attention  has  been  increa.singly  drawn  to  the 
po.ssibility  that  the  nervous  .sy.stem,  particularly  the  hypothalamic  area 
is  also  involved  in  the  response  to  altered  blood  thyroid  hormone  levels 

(l-o). 

In  a  previous  experiment  it  was  found  that  ma.s.sive  hypothalamic  de- 
.struction  in  the  rat,  though  it  reduces  the  level  of  thyroid  function,  does 
not  prevent  appropriate  thyroid  respon.ses  to  thyroxine  injection  or  to 

Received  .July  13,  1900. 
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partial  thyroidectomy  (3).  On  the  basis  of  this  and  other  findings  it  was 
postulated  that  the  pituitary  is  autonomously  responsive  to  changes  in 
thyroxine  concentration  and  that  its  level  of  responsiveness  is  determined 
l)y  a  hypothalamic  mechanism  acting  through  the  pituitary  stalk. 

In  the  present  experiments  thyroid  regulatory  functions  of  pituitary 
tissue  removed  from  direct  hypothalamic  influences  have  been  further 
studied  by  using  hypophysectomized  rats  bearing  intra-ocular  pituitary 
transplants.  As  shown  by  Goldberg  and  Knobil  (0)  and  by  Martini  el  al. 
(7),  these  grafts  become  well  vascularized,  grow  and  maintain  thyroid 
function  at  levels  above  that  found  in  hypophysectomized  animals.  They 
are  thus  suitable  preparations  for  the  determination  of  the  autonomous 
responsiveness  of  isolated  pituitary  tissue  to  alterations  in  blood  thyroxine 
levels.  A  preliminary  abstract  of  this  work  has  been  published  (S). 

METHODS 

Hypophysectomized®  male  rats  of  the  Sprague-Dawley  strain,  175  to  224  gm.  in 
weight,  served  as  the  recipients  of  the  pituitary  grafts.  Between  3  and  14  days  afler 
hypophysectomy  a  pituitary  from  a  fetal  Sprague-Dawley  raU  was  inserted  into  the 
anterior  chamber  of  each  eye  through  a  small  medial  corneal  nick.  The  eyelids  were  kejit 
closed  by  suture  for  three  days  to  protect  the  wound.  The  donors  were  of  either  sex  and 
were  used  at  any  time  from  17  days  after  gestation  to  birth.  In  a  few  instances  pituitaries 
from  animals  up  to  36  hours-  after  birth  were  used  with  satisfactory  “takes.”  The  re¬ 
cipient  animals  lived  in  a  temperature  controlled  room  at  26  ±1°  C,  were  fed  Purina 
laboratory  chow  supplemented  with  bread  and  oranges  and  were  given  tap  water  ad 
libitum.  Control  hypophysectomized  and  control  normal  rats  were  prepared  with  intra¬ 
ocular  muscle  transplants.  Seventeen  days  after  transplantation  the  animals  were  in¬ 
jected  with  30  /xc  of  I*®'  intraperitoneally;  24  hours  later  radioiodine  uptake  was  meas¬ 
ured  by  an  in  vivo  counting  method  (9).  Uptake  values  were  calculated  as  percentage 
uptake  per  mg.  thyroid  tissue,  the  weight  of  the  thyroid  being  determined  cither  at  the 
end  of  the  experiment  or  estimated  from  the  weight  of  the  half  removed  at  the  time  of 
hemi-thyroidectomy  {vide  infra).  The  rate  of  I‘®‘  release  was  determined  by  serial  neck 
counts  over  the  next  four  days  and  the  rate  of  release  in  percent  per  day  calculated  from 
graj)hical  plots  on  semi-logarithmic  paper  (Fig.  1).  .\t  all  time  intervals  correction  for 
extra-thyroidal  neck  radioactivity  was  made  by  counting  the  neck  region  of  a  group  of  5 
totally  thyroidectomized  animals.  At  the  time  of  completion  of  the  first  release  curve  the 
right  lobe  of  the  thyroid  gland  was  removed  under  ether  anesthesia  as  previously  de¬ 
scribed  (10),  and  the  weight  of  the  removed  portion  measured  on  a  torsion  balance  after 
clean  dissection.  Twelve  days  after  the  operation  a  second  injection  of  an  identical  dose 
of  I'®'  was  given  and  the  uptake  and  release  rate  again  measured.  Additional  groups  of 
engrafted  rats  were  subjected  to  sham  hemi-thyroidectomy.  The  response  to  thj  roxine 
was  tested  by  administering  50  fig.  of  1-thyroxine  intraperitoneally  on  the  fifth  day  of  the 
second  I*®^  release  experiment.  Following  thyroxine  injection,  serial  measurements  of 
neck  radioactivity  were  made  for  three  additional  days.  Six  days  after  the  end  of  the 
experiment  the  animals  were  exsanguinated  from  the  abdominal  aorta  under  ether 
anesthesia,  the  thyroid  remnant  was  removed  and  the  degree  of  regeneration  assessed 
by  a  comparison  of  the  weight  of  the  first  removed  and  the  second  removed  halves  of  the 
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thyroid  gland.  Adrenal  gland  and  gonad  weight  were  also  determined  at  death.  Growth 
was  estimated  from  measurements  of  body  weight  at  the  time  of  the  transplantation  and 
at  death  and  by  measurement  of  bod\'  length  (nose-tail)  at  death.  The  eyes  of  the  ani¬ 
mals  and  the  sellar  region  of  the  skull  were  fixed  in  10%  formaldehyde.  The  eyes  were 
imbedded  in  eelloidin,  seetioned  at  20/i  and  stained  with  hematoxjlin  and  eosin.  After 
decaleification  in  formic  acid-formate  solution  the  base  of  the  skull  was  siniilarl3’  im¬ 
bedded  and  sectioned  serially  at  20/i  for  examination  of  the  completeness  of  the  hyjK)- 
physectomj".  Animals  in  which  hyimphysectonn'  was  incomplete  would  have  been  dis¬ 
carded  from  the  series  but  none  was  found.  Plasma  obtained  at  death  from  the  sham 
operated  normal  and  engrafted  animals  was  analyzed  for  protein  bound  iodine®  (PBI), 
as  was  the  j)lasma  from  those  thyroidectomized  rats  which  had  been  used  in  the  experi¬ 
ment  to  correct  for  extra-thyroidal  neck  radioactivitj-. 


Fig.  1.  This  figure  illustrates  the  effects 
of  hemi-thyroideetomy  and  of  thyroxine 
injection  on  I*®*  release  rate  in  a  hj’po- 
plu’sectomized  rat  bearing  an  intra-ocular 
pituitary  transplant.  The  initial  rate  of 
approximately  4%  per  day  may  be  con¬ 
trasted  with  the  normal  rate  of  api)roxi- 
matelj'  25%  per  da\'.  Hemi-thvroideetomv 
was  followed  bv  acceleration  in  release 
rate,  th\roxine  by  prom))!  and  dramatic 
inhibition  of  release. 


RESULTS 

The  Thyroid  Gland  in  H ypophyseclomized  Rais  Bearing  Intra-ocular  Pitui¬ 
tary  Transplants 

Following  hypophy.sectomy  there  was  a  marked  reduction  in  thyroid 
.size,  uptake,  release  rate  and  plasma  PHI  (Table  1).  The  pituitary 
grafts  stimulated  thyroid  activity  only  slightly.  As  compared  with  non- 
grafted  hypophysectomized  rats  I'*'  uptake  was  .significantly  elevated  while 
the  other  mea.sures  of  thyroid  stimulation  (release  rate,  thyroid  size  and 
PBI)  though  slightly  higher  were  not  significantly  so  by  statistical  test. 
The  PBI  of  surgically  thyroidectomized  rats  was  not  different  from  that 
of  the  hypophysectomized  animals. 

Response  to  Hemi-thyroidectomy 

Following  hemi-thyroidectomy  both  normal  and  graft-bearing  hypo¬ 
physectomized  rats  manifested  thyroid  activation  as  evidenced  by  highly 
.significant  increases  in  P®‘  relea.se  rate,  thyroid  remnant  .size,  and  P*‘  up¬ 
take  per  mg.  of  thyroid  tissue  (Table  2,  Fig.  1).  The  changes  in  P-^'  uptake 
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Table  1.  Thyroid  kunction  ix  hypophysecto.mized  rats  bear¬ 
ing  INTRA-OCULAR  PITUITARY  TRANSPLANTS 


Time 

No.  of  lifter 
(irou|)  aid-  trans- 

ma’.s  plant 

(days) 

I‘“'  Uptake 
(%  of  dose 
per  mg. 
thvroid) 
±S.K. 

I'’>  Re¬ 
lease  rate 

Thyroid 

PBI 

%/day 

±S.L. 

mg.  ±  S.K. 

mK%  +S.U 

1.  Hypox-|-i*itid- 

tary  trans|)lant  10  17 

0.21  t-dd 

8.9i  0.8 

8.7‘'-’5o.4 

11.  Hyiiox -(-muscle 

transplant  d  17 

0.11 

4.2 

8.0*  2 

III.  Normal -(-miLs- 

cle  transplant  5  17 

0.89  T  .04 

24.0  ♦ 1  .9 

10.  O' ■'>*0.5 

IN’,  llypox -(-pitui¬ 
tary  transplant  0  87 

0.21  ^ .04 

4.0-  0.8 

8.2’  t 9-4 

1 .8:^0. 1 

V.  llypox -(-mus¬ 
cle  transplant  4^  87 

0.12 

4.0 

8.0’ 

1  .0 

VI  Normal -(-mus¬ 
cle  transplant  5  87 

0.00  ;:.oo 

22.8*  2.1 

14.5’  !:o.o 

8. 8 +  0.1 

VII.  Total  thyroid¬ 
ectomy  4 

1 .0  j:o.  1 

Stutittlicdl  ( '(tin pnrisoii 

( 1‘  raluex)  * 

Pituitary  transplants  vs.  muscle  trans- 
jdant  (droups  I -(-IV  vs.  II -(-V). 

<  .05 

<  .7 

<  .8 

Pituitary  transplants  vs.  normal 
(droups  I-I-IV  vs.  Ill -(-VI) 

<  .001 

<  .001 

<  .001 

Muscle  trans|)lants  vs.  normal 
(droups  11 -(-V  vs.  Ill -(-VI) 

<  .001 

<  .001 

<  .001 

Pituitary  transplants  vs.  normal 
(droup  IV’  vs.  VI) 

<  .001 

*  Thyroid  weight  25  days  after  transplant. 

*  Kstiniated  from  weight  of  left  lobe. 

’  Thyroid  weight  48  days  after  transplant. 

*  8  animals  for  PBI  determination. 

*  Calculated  by  method  described  by  Snedecor  (24). 


and  releaise  occurred  in  eacli  individual  animal  of  these  groups.  In  controls 
the  three  muscle-hearing  hypophysectomized  animals  suffered  a  fall  in 
uptake  and  scarcely  detectable  changes  in  I***  release  rate  and  in  remnant 
weight.  That  the  ob.served  accelerated  thyroid  activity  was  in  fact  a  conse- 
(luence  of  hemi-thyroidectomy  is  indicated  by  the  changes  in  animals  sub¬ 
jected  to  the  sham  procedure;  in  these  rats  P®*  release  rate  showed  no  signif¬ 
icant  change  over  the  period  of  observation. 


Response  to  Thyroxine  Injection 

Every  one  of  the  normal  and  16  out  of  the  19  hypophysectomized  rats 
bearing  intra-ocular  pituitary  transplants  manifested  marked  or  complete 
inhibition  of  release  following  a  single  injection  of  60  jug  1-thyroxine 
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Table  2.  Thyroid  response  to  hemi-thyroidectomy  in  hypophysectomized 

RATS  BEARING  INTRA-Ot'l  LAR  PITUITARY  AND  MUSCLE  TRANSPLANTS 


No. 

^  r  ilftcr 

Croup  ’•  thyroid- 

r  cctomv 

niiils  /  1  *. 

(days) 

Percentage 
change  in  1’’* 
uptake  (per 
mg.  thyroid) 

Chang(‘  in 
1131  Release 
rate* 

Percentage 
change  in  rem¬ 
nant  weight 

%  ±S.E. 

%  ±S.K 

%  ±s.E. 

// c  m  i-th  yroitlertoui  ized 

I.  Hvpox +i)it.  transphint  1(1  12 

+  54.5  15.() 

+8.0  1.4 

+22.0  2.1 

11.  llvj)ox  +  mus.  transplant  d  12 

—  5.5 

+0.5 

+  1.0 

III.  Normal +  mus.  transplant  0  12 

+25.5  7.9 

+0.0  1.0 

+34.0  1.7 

Sha m  Hemi-(h yroidectom  ij 

I V.  Hypox -f- pit.  transplant  (•  12 

-0.8  0.5 

\  .  Hvpox +mus.  transplant  4  12 

-0.0 

VI.  Normal +mus.  transplant  5  12 

-0.4  0.2 

Statixticat 

Analgsix  (P 

valuex)** 

('hanyeis  after  Hemi-thyroideclotny 

I 

<'  .01 

<  .001 

<.001 

III 

<  .05 

<  .01 

<  .001 

1  vs.  Ill 

<  .3 

<  .4 

<  .01 

(.hanges  after  Sham  Operation 

IV 

<  .2 

VI 

<  .2 

IV  vs.  VI 

<  .0 

*  ^’alue  given  is  the  aritlimcf ic  (lifTercnce  lictwceii  tlu*  sloiies  of  pro-  and  post-heinithy- 
roidectoniy  curves.  This  inode  of  expression  of  change  in  slope  was  ado|>ted  in  order  to  avoid 
the  ealeulation  of  pereentagi*  irerea.se  which  is  misleading  when  initial  release  rate  values 
are  very  low.  A  relatively  small  and  insignificant  difference  in  initial  release  rate,  i.e.,  0.2 
vs.  per  day,  can  give  almost  a  twofold  difference  in  calculated  percentage  increase. 

**  Calculated  by  method  described  In-  Snedecor  (24). 


i.p.  (Fig.  1,  Table  3).  In  contrast,  release  rates  in  hypophysectomized 
animals  without  pituitary  grafts  were  unaffected  by  thyroxine  injections, 
even  though  baseline  rates  in  these  animals  were  not  significant I3'  different 
from  relea.se  rates  in  the  sham  th^vroidectomized  animals  with  pituitar.v 
grafts.  It  is  apparent  moreover,  that  the  release  rate  of  thjroxine- 
treated  normal  rats  is  significantly  slower  than  the  release  rate  of  hypo- 
phy.sectomized  rats  with  or  without  tlnroxine  treatment  (P<.001). 

Growth,  Adrenal  and  Gonad  Size  {Table  4) 

From  weight  and  length  measurements  there  was  no  evidence  that  the 
pituitar}'  grafts  stimulated  growth,  although  all  hypophj’sectomized  rats 
did  display  slight  increases  in  bodj'  weight.  The  testes  were  slightly  heavier 
in  rats  bearing  intra-ocular  grafts,  but  the  difference  was  not  significant 
statistical!}'.  The  adrenals  b}'  contrast  were  significantly  heavier  in  rats 
with  transplants  but  the}'  did  not  attain  normal  size. 

Histological  Findings 

Examination  of  sections  of  the  eye  in  rats  with  intra-ocular  pituitary 
transplants  indicated  excellent  grow  th  of  pituitary  tissue,  and  as  revealed 
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Tablio  3.  Hkkkct  of  thyroxine  ox  P^'  release  rate  in  normal,  iiyfoitiy- 

SEC'TOMIZEII  AND  I’lTITTARY-ENORAFTEl)  II YI’Ol’II YSE('TOMIZEl)  RATS 


Croup 

No.  of 
ani¬ 
mals 

1131  ndease  rate 

Hc'fore  .\fter 

thyroxine  thyroxine 

S.l'i.  ' , /day  S.K. 

Signifi¬ 
cance  of 
ditference 
(P  value)* 

//  e  m  i-lh  i/roidecto  ni  i  zed 

I.  Hypox +i)ituitarv  transplant 

10 

12.4 

1  .0 

0 

0 

<  .001 

II.  Hypox-f muscle,  transplant 

3 

4.7 

4.7 

HI.  Normal +  muscle  tninsplant 

5 

30.  ti 

1  .7 

0.2 

.1 

<  .001 

Shn m  Hem i-th uroideetom ized 

IV.  Hvpox +pituitarv  transplant 

9 

4.0 

.3 

1  ..■) 

.  7 

<  .001 

V.  Hypox  +  muscle  transiilant 

4 

4.0 

4.(> 

VI.  Normal +  muscle  transplant 

5 

22.8 

2.1 

0.3 

.3 

<  .001 

Hypopliysectomized  +  muscle  trans- 

lilant  taken  together  (Croups  II  &  V) 

7 

4.3 

.8 

4.3 

.8 

1 

*  Calciiliitod  by  method  described  by  Siiedeeor  (24). 


by  India  ink  injections,  good  blood  .supply.  There  was  a  notable  decrease 
in  the  size  of  the  posterior  lobe  and  an  apparent  increase  in  the  width  of 
the  intermediate  lobe.  Because  of  the  nature  of  the  imbedding  material 
specific  histochemical  stains  were  not  applied  so  that  no  comments  can 
be  made  about  the  nature  of  the  cells  found  in  the  ocular  transplant.  The 
blood  supply  to  the  transplant  was  seen  to  come  chiefly  from  vessels  arising 
in  the  ciliary  body  and  iris. 

DISCUSSION 

In  this  experiment  it  has  been  shown  that  the  pituitary,  though  trans¬ 
planted  to  the  anterior  chamber  of  the  eye,  is  capable  of  stimulation  of 


Table  4.  C!ro\vth,  cionad  and  adrenal  wEifiiiT  in  rats  with  intra-ocflar 
PITITTARY  TRANSPLANTS  (7  WEEKS  AFTER  (IRAFT) 


Croups 

No.  of 
ani¬ 
mals 

Hody  weight 

Ini-  Increase 

tial  '/{  ±S.I-). 

Hody  length 
at  death 

cm.  ±S.P.. 

Testicular 

WIMght 

gm.  ±s.i;. 

.\drenal 
wei 'lit 

mg.  ±s.i:. 

I.  Hypox -t-j)it. 

transplant 

19 

195 

4.2  1.0 

37.0  0.0 

0.52  0.02 

10.1 

0.5 

11.  Hvpox -|- mils 

- 

cle  transiilant  7 

i;»2 

o.ti  2.0 

37.7  0.3 

0.48  0.02 

12.3 

0.7 

III.  Normal  con- 

trol 

10 

322  1 

lit. 4  2.0 

43.3  0.2 

3.34  0.13 

40.0 

1  .5 

Statistical  .Xnalvsis  (P  values)* 

I 

<  .001 

II 

<  .001 

III 

<  .001 

I  vs.  II 

<  .5 

<  .9 

<  .4 

<  . 

001 

I  vs.  Ill 

<  .001 

<  .001 

<  .001 

<  . 

001 

*  Calculated  bv  method  described  bv  Snedecor  (24). 
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the  thyroid  gland.  Uptake  is  increased  over  the  level  observed  in  control 
hypophysectomized  rats,  a  finding  confirmatory  of  that  of  (Joldberg  and 
Knobil  (6)  who  in  similar  preparations  measured  thyroid  serum  ratio 
(T  S  ratio).  The  observation  of  Martini  et  al.  (7)  that  intra-ocular  grafts 
stimulate  4-hour  uptake  in  hypophysectomized  rats  is  similarly  con¬ 
firmed.  Unlike  the  findings  of  the  above  cited  authors,  .significant  increase 
in  thyroid  weight  was  not  observed.  U®*  release  rate  was  not  elevated  by 
the  transplant,  a  result  in  contra.st  to  that  of  von  Euler  and  Holmgren 
(11)  who  have  demon.strated  a  .substantial  rate  of  release  in  the  hypo- 
phy.sectomized  rabbit  after  pituitary  grafting.  The  apparent  contradiction 
in  findings  is  probably  of  little  importance  becau.se  of  the  varying  sen.si- 
tivity  of  the  various  parameters  of  TSH  stimulation  (12,  13)  under  differ¬ 
ing  conditions  in  the  animal  with  very  low  levels  of  thyrotrophin  activity. 
Taken  as  a  whole,  the.se  findings  may  be  interpreted  to  indicate  that  the 
intra-ocular  pituitary  transplant  exerts  a  modicum  of  TSH  function. 

Numerous  factors  contribute  to  the  relatively  low  thyrotrophic  activity 
of  intra-ocular  grafts.  Blood  supply  and  hence  blood  flow  of  the  graft  in 
the  eye  are  manife.stly  poorer  than  that  of  the  normally  placed  gland  and 
the  function  of  two  fetal  pituitaries  in  the.se  studies  is  being  compared 
with  that  of  a  normal  adult  pituitary:  qualitative  and  quantitative  differ¬ 
ences  in  hormone  .secretion  may  be  present.  Furthermore,  as  indicated  by 
the  elegant  .studies  of  Nikitovitch-Winer  and  Everett  (14)  the  .site  of 
transplant  is  of  importance  in  determining  function.  Grafts  under  the 
median  eminence  of  the  rat  were  found  to  stimulate  the  thyroid  gland  to 
a  greater  degree  than  did  grafts  in  the  kidney  or  under  the  temporal  lobe. 

From  data  pre.sented  it  may  also  i>e  concluded  that  the  i.solated  pituitary 
is  capable  of  autonomous  respon.ses  to  change  in  thyroxine  environment, 
although  the  resting  level  of  activity  is  reduced  far  below  the  normal. 
Thyroxine  injection  .significantly  lowered  U®'  relea.se  rate  in  the  rat  trans¬ 
plant  preparation,  a  finding  confirmatory  of  that  of  von  Euler  and  Holm¬ 
gren  who  have  similarly  studied  the  rabbit  (11).  This  re.sult  was  also  to 
be  expected  from  the  pituitary  microinjection  experiments  of  these  workers 
(lo)  and  of  Yamada  and  Greer  (16). 

As  indicated  by  the  .significant  changes  that  occur  in  U*'  uptake  and 
release  rate  and  by  the  .significant  (though  small)  changes  in  thyroid 
remnant  weight  after  hemi-thyroidectomy  the  isolated  pituitary  appears 
to  be  capable  of  discharge  of  TSH  in  response  to  lowered  blood  thyroid 
hormone  levels.  Added  support  for  this  view  comes  from  Scow  and  Greer 
(17)  who  demonstrated  an  increase  in  iodide-trapping  capacity  of  the 
thyroid  gland  following  the  feeding  of  propylthiouracil  to  hypophysecto¬ 
mized  mice  bearing  intra-ocular  transplants. 

The  pituitary  transplanted  to  a  site  remote  from  the  hypothalamus, 
like  that  of  the  rat  with  extensive  hypothalamic  damage  (3),  thus  demon¬ 
strates  qualitatively  normal  respon.ses  to  change  in  thyroxine  environment 
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despite  its  operation  at  a  markedly  reduced  baseline  level  of  function.  The 
same  probably  holds  true  for  the  pituitary  in  the  stalk  sectioned  rabbit 
(18),  at  least  as  far  as  the  effects  of  thyroxine  injection  are  concerned. 
From  the  observation  that  the  rat  with  a  pituitary  transplant  and  the  rat 
with  exten.sive  hypothalamic  damage  both  display  low  levels  of  TSH  ac¬ 
tivity  yet  appear  capable  of  increasing  their  .secretion  when  thyroxine 
levels  are  further  reduced  (as  by  hemi-thyroidectomy  or  by  propylthioura¬ 
cil  feeding)  it  .seems  reasonable  to  believe  that  the  threshold  of  respon.se  to 
a  given  thyroxine  concentration  has  been  altered  in  these  animals.  The 
mechanism  of  alteration  in  threshold  may  be  rationalized  by  the  previou.sly 
suggested  hypothesis  (8)  that  the  pituitary  itself  acts  as  the  thyro.stat,  the 
setting  of  which  is  governed  by  a  hypothalamic  mechanism.  This  view 
complements  rather  than  conflicts  with  the  excellent  work  of  Yamada  (2) 
and  of  Yamada  and  (Ireer  (Ifl)  who  present  evidence  for  a  local  effect  of 
thyroxine  on  the  hypothalamus  as  well  as  on  the  pituitary. 

Consideration  mu.st  be  given  to  the  possibility  that  the  re.sults  noted 
in  this  experiment  were  due  to  the  relea.se  of  a  circulating  hormone  from 
the  hypothalamus  which  led  to  activation  of  the  transplant  by  way  of  the 
peripheral  circulation.  A  definitive  test  of  this  hypothesis  would  be  the 
repetition  of  a  similar  experiment  in  hypophy.sectomized  animals  with 
hypothalamic  damage  in  the  “thyrotrophic”  area.  Such  studies  are  now 
underway  in  this  laboratory. 

Preservation  of  the  qualitative  thyroid  feedback  respon.se  in  the  grafted 
rat  is  analogous  to  the  function  of  the  pituitary-adrenal  .system  in  rats 
with  kidney  grafts.  As  recently  shown  by  Hertz  (19),  characteri.stic  adrenal 
hypertrophy  follows  arnphenone  administration  to  these  preparations. 
Interestingly,  Hertz  could  not  demonstrate  the  normal  goitrogenic  effect 
of  this  drug,  a  finding  undoubtedly  analogous  to  the  “goiter  block”  pro¬ 
duced  by  hypothalamic  lesions  (4).  That  the  pituitary  graft  releases  detect¬ 
able  amounts  of  ACTH  is  clear  from  the  present  study  which  is  also  con¬ 
firmatory  of  other  investigations  ((>,  7,  19).  Clrowth  promoting  and  te.sticu- 
lar  .stimvdating  effects  of  the  grafts  are  less  well  established.  In  this  experi¬ 
ment  and  that  of  Martini  ct  al.  (7),  neither  body  growth  nor  testicular 
growth  were  ob.served  in  graft-bearing  animals,  a  finding  at  variance  with 
that  of  (loldberg  and  Knobil  (fi).  Stimulation  of  growth  by  pituitary  trans¬ 
plants  to  the  kidney  has  been  observed  by  Hertz  (20).  The  significance  of 
these  differences  is  not  clear  but  they  may  in  part  be  related  to  the  volume 
of  viable  pituitary  tissue,  the  age  of  the  donor,  the  age  of  the  host,  or  to 
host-graft  immunological  factors. 

An  incidental  finding  of  great  interest  was  that  thyroxine  reduced  P’” 
release  rates  in  the  normal  animals  to  levels  considerably  lower  than  the 
rate  produced  by  hypophysectomy.  W  hen  administered  to  hypophysecto- 
mized  animals  without  pituitary  grafts  thyroxine  did  not  affect  the  release 
rate;  when  given  to  hypophy.sectomized  animals  with  pituitary  grafts. 
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thyroxine  induced  a  further  lowering  of  the  already  reduced  rate.  This 
difference  of  effect  of  thyroxine  on  pituitary-grafted  as  compared  with 
muscle-grafted  hypophysectomized  rats  could  not  be  explained  by  differ¬ 
ences  in  pre-treatment  release  rates  because  these  were  almost  identical 
in  one  of  the  series  studied.  Therefore  pituitary  ti.ssue  must  be  present  in 
order  to  obtain  the  maximum  inhibitory  effects  of  thyroxine  on  the  thyroid 
gland.  The  recent  studies  of  Halmi  et  al.  (21)  are  highly  relevant  to  these 
observations.  Triiodothyronine  (T3)  administered  to  normal  rats  on  a 
thiouracil  containing  diet  was  found  to  reduce  the  thyroid  serum  iodide 
ratio  (T  S  ratio)  to  mean  values  between  1.0  and  2.7.  Hypophysectomized 
rats  on  a  simitar  diet  had  mean  T /S  ratios  between  5.9  and  7.3.  The 
administration  of  T3  to  the  hypophysectomized  rats  did  not  lead  to  a 
further  depression  in  T  S  ratio.  Halmi  et  al.  (21)  conclude  that  T3,  in 
addition  to  its  effect  in  inhibiting  TvSH  release  must  exert  an  effect  on  the 
thyroid  which  is  “either  mediated  through  the  hypophysis  or  depends  on 
the  permissive  action  of  one  or  more  pituitary  or  target  gland  principles.” 
These  authors  question  the  physiological  significance  of  their  findings  be¬ 
cause  the  rats  were  receiving  thiouracil,  large  doses  of  T3  and  cortisone. 
In  the  present  studies  results  analogous  to  those  of  Halmi  were  observed 
without  these  complicating  features  and  with  a  single  injection  of  50  mS 
of  1-thyroxine.  The  phy.siological  significance  of  these  results  neverthele.ss 
remains  uncertain. 

The  early  observations  and  discus.sion  by  Reforzo-Membrives  (22)  come 
to  mind  in  considering  an  explanation  of  this  problem.  This  author  asserted 
that  the  pituitary  of  thyroid-fed  rats  contains  a  substance  which,  upon 
injection  into  guinea  pigs,  reduces  thyroid  weight  and  follicular  cell  height 
and  lowers  the  BMH.  The  existence  of  a  thyroid  inhibitory  hormone(s) 
was  thus  postulated.  This  work  has  not  been  confirmed,  and  a  detailed  criti¬ 
cism  of  the  techniques  and  conclusions  has  been  published  (23).  Reinvesti¬ 
gation  of  the  question  of  thyroid  inhibitory  substances  of  pituitary  origin 
seems  clearly  indicated  in  vdew  of  the  present  studies  and  those  of  Halmi 
and  his  group  (21).  There  is  an  equally  good  possibility  that  metabolism 
in  the  thyroid  of  hypophy.sectomized  rats  is  qualitatively  different  in  the 
presence  of  the  small  amount  of  TSH  relea.sed  from  the  graft,  even  though 
overall  I*®'  release  rate  is  the  same  as  in  the  animal  without  the  graft. 
A  detailed  comparison  of  iodide  handling  by  the  thyroids  of  normal, 
hypophysectomized  and  thyroxine-treated  normal  rats  is  under  current 
investigation  in  this  laboratory. 
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('ERTAIN  FUNCTIONS  OF  ISOLATED  THYROID  ('ELLS 

IRA  PAST  AN 

Clinical  Endocrinology  Branch,  Xational  Institute  of  Arithritis  and  Metaholic  Diseases, 
Xational  Institutes  of  Health,  Bethesda,  Maryland 

ABSTRACT 

A  technique  for  dispersing  thyroid  tissue  into  single  cells  is  described.  When 
incubat(*d  with  these  cells  form  almost  entirely  monoiodotyrosine  in 
peptitle  linkage.  lodination  is  stimulated  by  TSH  and  inhibited  by  propyl¬ 
thiouracil,  thiocyanate,  catalase  and  glutathione.  Perchlorate  is  without 
effect.  Thyroglobulin,  serum  albumin  and  tyrosine  are  iodinated  when  added  to 
the  incubation  medium,  although  the  iodinated  material  formed  by  unfortified 
cells  does  not  appear  to  be  thyroglobulin.  Th(‘se  cells  actively  metabolizt' 
gluco.se  to  COi  and  oxidize  glucose  by  way  of  the  hexose  monoidiosphate 
pathway. 

The  thyroid  gland  posse.sses  folliole.s  where  hormone  is  stored  in  large 
amounts.  Which  steps  in  the  hio.synthesis  of  thyroid  hormone  occur 
in  the  cell  and  which  occur  in  the  colloid  are  not  known.  Autoradiographic 
evidence  suggests  that  the  formation  of  organic  iodine  compounds  occurs 
within  the  thyroid  follicle  just  at  its  boundary  with  the  thyroid  cell,  but 
not  in  the  cell  (1).  Iodide  also  appears  to  be  concentrated  in  the  follicle 
and  not  in  the  cell  (2)  (3).  This  study  on  the  iodine  metabolism  of  di.sso- 
ciated  thyroid  cells  incubated  with  P®'  for  relatively  short  periods  of  time 
has  been  initiated  to  investigate  the  functional  ability  of  the  thyroid  cell 
.separated  from  its  neighbors  and  deprived  of  its  colloid.  Pulvertaft  cl  aJ. 
have  reported  that  i.solated  thyroid  cells  grown  in  ti.s.sue  culture  in  the 
presence  of  P**  form  oidy  very  small  amounts  of  iodinated  tyrosines, 
thyroxine  or  triiodothyronine  (4). 

MATERI.\LS  AND  METHODS 

Calf  thyroids  were  obtained  from  the  loeal  abattoir,  wrapped  in  parafilm  and  kept  on 
cracked  ice  until  used.  Numerous  methods  of  preparing  dispersed  cells  were  investigated 
and  a  modification  of  the  method  of  Younger  was  found  most  satisfactory  (5).  Twenty 
grams  of  trimmed  glands  were  sliced  with  the  aid  of  a  Stadie-Riggs  sheer.  The  slices 
were  rinsed  in  Krebs-Ringer  bicarbonate  buffer  (pH  7.4)  and  then  transferred  to  a  small 
Waring  blender  containing  60-70  cc.  of  Krebs-Ringer  bicarbonate  buffer  made  up  with¬ 
out  calcium  or  magnesium.  In  this  were  dissolved  crystalline  trypsin  and  sodium  citrate 
to  concentrations  of  0.4%  and  0.1%  respectively.  The  tissue  was  then  incubated  at  37°  (' 
for  15  minutes  and  swirled  at  low  speed  at  this  temperature  for  a  further  15  minutes. 
The  speed  was  adjusted  to  produce  vigorous  agitation  without  foaming  or  cutting  of  the 
slices.  The  cloudy  supernatant  was  decanted  through  four  layers  of  fine  gauze  and 
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chilled,  while  the  remaining  slices  were  reincubated  in  the  blender  with  fresh  media  five 
additional  times.  There  was  a  tendency  for  the  slices  to  adhere  and  they  were  separated 
before  some  incubations  by  briefly  mincing  with  a  sharp  scissors.  The  cells  were  harvested 
from  the  sui)ernatant  by  spinning  for  85  minutes  at  1400  G.  The  button  was  suspended 
in  complete  Krebs-Ringcr  bicarbonate  buffer  containing  200  mg.%  glucose  and  50  mg. 
of  soybean  trypsin  inhibitor  to  inactivate  any  remaining  trypsin.  The  cells  were  again 
sedimented  and  washed  twice  more  in  buffer  without  trypsin  inhibitor  to  get  rid  of  all 
l)ossible  contaminating  subeellular  particles.  The  final  button  was  a  gelatinous  mass 
weighing  0.0  to  1.0  gm.  It  was  comjmsed  of  thyroid  cells,  a  variable  number  of  red  cells 
and  some  nuclei.  On  numerous  occasions  a  portion  of  this  final  preparation  of  cells  was 
dispersed  in  saline  and  e.xamined  unstained  with  the  light  microscope.  Although  1%  of 
the  cells  were  in  clumps  of  two  or  rareh'  three,  the  rest  were  single  cells.  An  intact  follicle 
was  never  seen. 

The  button  of  cells  obtained  from  the  final  centrifugation  was  divided  into  six  or 
eight  equal  portions,  weighed  and  transferred  to  25  ml.  F>lenmejer  flasks  containing 
3  ml.  of  Krebs-Ringer  bicarbonate  buffer  (pH  7.4),  200  mg.%  glucose,  25  microcuries  of 
I'^'  and  0.1  pg  of  sodium  iodide  to  insure  constant  iodide  levels.  Test  substances  were 
dissolved  in  buffer.  The  flasks  were  shaken  for  2  hr.  at  37°  C  on  a  Dubnoff  metabolic 
shaker  with  air  as  gas  phase.  The  pH  at  the  end  of  incubation  was  7.S.  .\  gas  phase  of  95% 
oxygen  and  5%  CO2  was  akso  satisfactory.  The  button  of  cells  initially  placed  in  <'ach 
flask  dispersed  within  10  minutes.  However,  at  the  end  of  the  incubation  the  cells  were 
once  more  clumped  together  in  a  thin  string  1-2  cm.  long.  Fifty  microliters  of  10“^  Molar 
propylthiouracil  (PTE)  were  add(*d  at  the  end  of  the  incubation  and  the  contents  of  the 
flasks  frozen,  thawed  and  homogenized  to  disperse'  the  iodinated  products  uniformly. 
One  half  ml.  aliquots  wen*  digested  with  pancreatic  extract  (Viokase)  at  37°  C'  for  20 
hours  under  toluene  (pH  7.8).  Alieiuots  were  chromatographed  in  n-butanol:  acetic  acid: 
water  (75-10-1,5)  and  n-butanol: dioxane  (8-2)  saturated  with  2N  NH4OH.  Two  di¬ 
mensional  chromatography  was  performed  when  indicated.  C'arrier  compounds  were 
always  added  to  chromatograms  to  facilitate  the  identification  of  radioactive  spots. 
Radioactivity  was  measured  with  an  end  window  Geiger-M idler  counter  employing  a 
continuous  recording,  counting  rate  meter.  In  addition  autoradiographs  were  performed 
on  selected  chromatograms.  Results  are  the  average  of  duiilicate  experiments  done  on 
three  or  more  separate  occasions  which  were  in  reasonablj’  close  agreement. 

ritracentrifugation  was  performed  in  0.04  M  NaCl  in  a  .Spinco  Model  L  ultra¬ 
centrifuge  using  a  swinging  bucket  rotor  at  85,000  G  (average)  for  45  minutes.  Samples 
were  first  dialyzed  against  .001  Molar  phosphate  buffer  until  all  iodide  was  removed. 
Paper  electrophoresis  was  performed  in  barbital  buffer,  pH  8.0,  ionic  strength  0.1  at 
3.3  volts  'em.  for  20  hours.  Strips  were  dried  at  room  temperature,  scanned  with  the 
strip  counter  and  stained  with  bromphenol  blue.  Thyroglobulin  was  prepared  by  a 
modification  of  the  method  of  Edelhoch  (6).  In  expi'riments  in  which  glucose  oxidation 
was  studied,  weighed  aliquots  of  cells  were  incubated  for  45  minutes  in  2.0  ml.  of  Krebs- 
Ringer  bicarbonate  buffer  containing  5  mg.  of  glucose  and  0.5  /uc  of  either  glucose-1 
or  glucose-O-C'^.  The  reaction  was  stopped  by  the  addition  of  0.2  ml.  of  ION  H2S04 
and  the  collected  in  1  ml.  hyamine  base  injected  through  a  rubber  stopper  into  a 

center  well.  The  hyamine  containing  C”02  was  transferred  to  a  counting  vial,  mixed 
with  diphenyloxazole  and  toluene,  and  counted  in  a  liquid  scintillation  counter. 

Catalase,  trypsin  (1  Xcrystalline),  and  soybean  trypsin  inhibitor,  were  obtained  from 
Worthington  Biochemical  Corporation.  The  thyroid  stimulating  hormone  (TSH)  used 
was  Thytropar  (.\rmour).  C'‘-glucose  was  obtained  from  the  National  Bureau  of 
Standards 
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1.  Autoradiographs  of  cdiromatogrums  of  iodinated  compounds  formed  by  isolat(‘d 
thyroid  cells.  Solvent  is  n-butanol:  acetic  acid:  H2O  (75-10-15). 


RESULTS 

Thyroid  cells  can  incorporate  into  iodinated  proteins  which  remain 
at  the  origin  on  chromatograms  (Fig.  1).  The  formation  of  iodinated  pro¬ 
teins  increases  with  time  and  in  one  experiment  had  not  reached  a  plateau 
at  two  hours  (Fig.  2).  In  another  experiment  the  plateau  level  was  not 
approached  for  four  hours.  The  amount  of  iodinated  material  formed  was 
consistent  within  any  one  preparation  of  cells  hut  varied  from  day  to  day, 
ranging  from  5-60%  of  the  radioactivity.  In  one  experiment  in  which 
carrier  iodide  was  omitted,  the  .same  percentage  of  iodinated  material  was 
formed  as  when  the  carrier  was  present.  On  the  other  hand,  increasing  the 
iodide  up  to  10  or  100  fxg  per  flask  decrea.sed  the  percentage  of  iodinated 
proteins  formed  (Table  1).  Usually  not  more  than  10%  of  the  radioactivity 
appeared  at  the  solvent  front.  Application  of  a  small  clump  of  cells  directly 
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to  a  chromatographic  strip  revealed  more  protein  hound  iodine  in  tlie  cells 
than  in  an  equal  volume  of  medium. 

The  nature  of  the  newly  formed  iodoproteins  was  investigated.  Diges¬ 
tion  with  pancreatic  extract  released  mainly  monoiodotyrosine  (MIT). 
On  a  few  occasions  up  to  10%  of  the  protein  l)ound  radioactivity  was  in 
the  form  of  diiodotyrosine  (I)IT),  hut  usually  this  was  less  than  1%.  No 
thyroxine  was  identified  although  occasional  unidentified  radioactive  spots 
were  noted.  Prolongation  of  incuhation  time  to  S  hours  and  enrichment  of 
the  media  with  thyroglohulin,  alhumin,  T8H,  thyroid  homogenate  or 
human  serum  alhumin  did  not  increase  the  yield  of  DIT  or  result  in  the 
formation  of  thyroxine. 

Thyrotropin  stimulated  I‘^‘  incorporation  (Table  2).  Addition  of  PTU, 
thiocyanate,  catalase  and  reduced  glutathione  diminished  or  abolished  I'*' 
incorporation.  Perchlorate,  however,  was  without  effect  (Table  .‘I).  Tyro¬ 
sine  (10  Miimles)  was  iodinated  to  free  MIT  (Fig.  2).  MIT  (10  jumoles)  and 
thyronine  (10  ju^mles)  were  inhibitory.  Carrier-free  MI'^‘  T  was  not  incor¬ 
porated  into  iodinated  protein,  and  there  was  little  deiodination.  This 
is  somewhat  surprising  since  thyroid  slices  actively  deiodinate  MIT. 
However  thyroid  homogenates  recpiire  TPXII  to  deiodijiate  and  these 
thyroid  cells  may  be  depleted  of  this  cofactor.  Neither  II, o  diiodothyronine 
(10  juinoles)  nor  histidine  (10  jun^oles)  were  iodinated. 

Ultracentrifugation  of  the  iodinated  proteins  revealed  that  l()-o2%  of 
them  were  soluble,  the  rest  particulate.  The  percentage  of  the  iodinated 


Table  1.  The  effect  of  some  si  bstances  on  iodination  by  thykoid  cells 


Experiment 

1 


Ain’t  per  flask 

/o 

Radioactivity  at 

I  )ru{{ 

Origin 

Iodide 

Front 

Control 

38 

.58 

4 

MIT 

10  /imol(‘s 

3 

07 

0 

T  liy  roll  i  lie 

1(1  Minoles 

4 

0(> 

0 

Control 

22 

78 

0 

Xal 

none 

20 

77 

3 

Nal 

10  Mtons. 

2 

08.0 

0 

Xal 

100  mKOis. 

0..5 

00.. 5 

0 

2 
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Tabi.k  2.  Stimi  latury  kkfeit  cif  TSH  iodinatiun  by  thyroid  c  ells 


I•'.\p(•ri- 

ment 

Drug 

amount 

* '(  Uadioaotivity  at 

Drug 

( trigin 

Iodide 

Between  io¬ 
dide  &  front 

Front 

1 

('ontrul 

21  .5 

68 . 5 

_ 

10 

TSH 

1  unit 

30 

55 

— 

6 

2 

C'oiitrol 

_ 

2 

78 

(8) 

12 

TSH 

1  unit 

Hi 

42 

(8) 

34 

3 

C'oiitrol 

_ 

36.5 

.50.6 

(1.5) 

2.4 

TSH 

1  unit 

58.5 

33.2 

(2.3) 

6 

4 

C'oiitrol 

_ 

20 

60 

(4) 

7 

TSH 

.t).Y  units 

44 

37 

(6) 

13 

proteins  that  was  soluble  was  increased  by  the  addition  of  thyroglobulin 
or  albumin.  Examination  of  the  particulate  iodoprotein  in  the  ultracentri¬ 
fuge  revealed  that  it  sedimented  into  three  zones.*  The  particulate  iodo¬ 
protein  of  normal  thyroid  and  a  functioning  rat  thyroid  tumor  exhibited 
the  same  sedimentation  characteristics  (7).  No  attempt  was  made  to 
.solubilize  this  material. 

lOlectrophoresis  of  the  .soluble  iodoproteins  formed  revealed  more  than 
one  peak  migrating  from  the  origin  toward  the  anode.  However,  no  peak 
migrated  to  the  region  of  calf  thyroglobulin.  The  addition  of  calf  thyro- 
globulin  or  human  serum  albumin  resulted  in  their  iodination  (Fig.  li). 
Catala.se  inhibited  the  iodination  of  .serum  albumin. 

In  three  experiments  K)  -*  Molar  PTU  or  methyl  mercaptoimidazole 
was  added  to  the  media  containing  25  /xc  of  I*®*  before  the  cells  were  intro¬ 
duced.  In  two  experiments  0.1  mK  of  I'*"  was  present  and  absent  in  the 
third.  After  a  two  hour  incubation  there  was  no  concentration  of  iodide 
by  the  cells.  Hadioautographs  indicate  that  iodide  is  mainly  concentrated 
in  the  colloid  (2)  (3).  The  thyroid  cell  may  actively  .secrete  iodide  into  the 
follicular  lumen  without  the  intracellular  concentration  being  higher  than 
that  of  the  medium. 


Table  3. 

The  effect  of 

VARIOI  S  SCB.STA.NCE.S 

<)\  I<H>I\ATH).\  BY 

THYROID  CKKLS 

Drug 

Drug 

(■' 

( 

of  Radioaetivity 

at 

eoiiceiitratioii 

Origin 

Iodide 

Front 

C.'ontrol 

25 

72 

3 

KSCX 

10-»  M 

3 

07 

0 

PTU 

10-5 

0 

100 

0 

NaC104 

10-’  .M 

27 

68 

5 

C'atalase 

1000  unit.s 

4 

06 

0 

Cilutathione 

10-5  Molar 

5 

83 

12 

Boiled 

0 

100 

0 

Kindly  performed  by  Dr.  David  W.  E.  Smith. 
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•  CONTROL 


THYROGLOBULIN 


ALBUMIN 


THYROGLOBULIN 


Fig.  3.  Zone  electroi^iore.sis  of  iodoprotc'ins  formed  by  isolated  thyroid  eells.  ('arrier 
human  serum  was  added  before  eleetrophoresis  to  all  experiments  exeept  that  shown 
at  the  upper  right. 


DISCUSSION' 

Di.spersed  thyroid  cells  free  of  colloid  can  be  readily  prepared  by  the 
method  described.  A  survey  of  some  of  their  metabolic  functions  revealed 
them  to  be  qualitatively  intact.  Gluco.se-C'^  can  be  metabolized  to  C'H)2. 
In  addition  the  presence  of  the  hexose  monophosphate  pathway  for  glu¬ 
cose  metabolism  was  evident  on  finding  a  ratio  of  17  1  in  comparing 
counts  gm.  45  minute  incubation  of  C‘^02  derived  from  gluco.se-l-C’^ 
with  C'T)2  derived  from  glucose-G-C'^  (Table  4).  Slices  of  calf  thyroids 
oxidize  glucose  in  a  like  manner  although  unfortified  thyroid  homogeaiates 
are  unable  to  oxidize  glucose  to  C'^02  (8)  (9).  Incubation  of  isolated  cells 
with  XaJ”-04  revealed  incorporation  of  P^-  into  phospholipids.- 

*  Kindly  performed  by  Dr.  P.  Vilkki. 
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Tliese  dispersed  thyroid  cells  incorporate  P®*  into  soluble  and  particulate 
iodoproteins.  Hydrolysis  of  these  proteins  releases  mainly  MIT  although 
on  some  occasions  small  amounts  of  DIT  are  also  seen.  Thyroid  homo¬ 
genates  also  form  an  iodoprotein,  but  this  appears  to  be  almost  entirely 
particulate  (10).  Tyrosine  incubated  with  thyroid  cells  is  converted  to  free 
monoiodotyrosine.  The  formation  of  free  MIT  has  also  been  observed  with 
thyroid  homogenates  fortified  with  CU  +  +  or  an  H  .O2  generating  sy.stem 
plus  tyrosine  (11)  (12)  (13).  Radioactive  MIT  is  not  incorporated  into 
any  iodoprotein  suggesting  that  normally  tryrosine  is  first  synthesized 
into  protein  before  it  is  iodinated. 

The  stimulation  obtained  with  TSH  .seems  to  support  the  .specificity 
of  the  iodinating  ability  of  thyroid  cells.  Although  in  vitro  stimulation  of 
iodine  metabolism  has  been  previously  reported,  effects  on  gluco.se  metabo- 


Tabi.e  -J.  Gi.rcosK  oxidatiox  by  thyroid  tissi'k 


Tissue 


CM >2  (■pni/gm./45  minute  ineiihatioii  derived  from 
(Jlueose-l-(M<  (JIueose-ti-G" 


Sliees  .5,900  1  ,.500 

Cells  7,000  420 

Homogenate  0  0 


Kaeh  flask  eontained  .500,000  couiits/min.  of  glueosi'-l-CM'  or  glueose-ti-C'.  HomoTeiiate 
prepared  by  homogenizing  2. ,5  gm.  of  calf  thyroid  in  7  ml.  of  .15  M  KCl.  1  ml.  aliipiots  of 
homogenates  added  to  each  flask. 


lism  and  phospholipids  have  been  more  .striking  (8)  (14)  (15).  However, 
despite  the  increased  iodide  incorporated  into  iodoprotein,  no  increase  in 
diiodotyro.sine  or  formation  of  thyroxine  occurred. 

The  ability  of  catalase  to  inhibit  iodination  by  the.se  relatively  well 
organized  cells  strongly  implicates  H2O2  as  the  oxidizing  agent  for  I“— ^I  j. 
Inhibition  of  iodination  was  also  produced  by  glutathione  and  PTU.  In 
addition  to  its  effects  as  a  peroxidase  inhibitor  and  an  antithyroid  agent, 
PTU,  like  glutathione,  is  a  reducing  agent.  On  the  other  hand,  perchlorate 
was  not  inhibitory.  Since  these  cells  lack  the  ability  to  concentrate  iodide, 
perchlorate  which  .seems  only  to  inhibit  iodide  concentration,  would  not 
be  expecte  to  interfere  with  organification.  The  fact  that  thiocyanate  is 
an  effective  inhibitor  suggests  that  at  this  concentration  its  action  is  dif¬ 
ferent  from  that  of  perchlorate.  This  difference  has  also  been  noted  in 
homogenate  iodinating  systems  (16)  (13),  and  may  be  due  to  its  activity 
as  a  reducing  agent. 

Catalase  (MW  248,000)  is  a  large  molecule  and  would  not  be  expected 
to  enter  cells.  Its  ability  to  inhibit  iodination  suggests  that  iodination 
occurs  at  the  cell  membrane.  This  would  agree  with  autoradiographic 
evidence  indicating  that  iodination  occurs  in  the  follicle  at  its  junction  with 
the  cell  (1).  The  iodination  of  added  thyroglobulin,  human  .serum  albumin 
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and  tyrosine  suf^fjiests  that  tlie  iodinating  mechanism  is  not  specific  for  any 
one  protein  or  even  for  a  protein.  In  turn  this  raises  the  possibility  that 
the  reason  tliyroglol)ulin  is  the  main  iodinated  protein  in  the  tliyroid  is 
tliat  it  resides  at  the  iodinating  site,  the  colloidal  side  of  the  thyroid  cell. 
If  thyroglobulin  is  replaced  by  another  protein  such  as  serum  albumin, 
then  albumin  is  iodinated  instead.  This  is  supported  by  the  observation 
that  there  are  other  iodinated  proteins  in  the  thyroid  besides  thyroglobulin. 

The  failure  of  these  cells  to  synthesize  very  much  diiodotyrosine  and 
any  thyroxine  may  mean  that  the  enzymes  and  substrates  necessary  for 
tlie  formation  of  these  compounds  lie  in  the  follicular  lumen.  However, 
fortification  with  thyroid  homogenate  did  not  stimulate  the  formation  of 
these  compounds.  Another  reason  for  this  failure  might  be  that  the  me¬ 
chanical  agitation  and  trypsinization  of  the  preparative  procedure  may 
have  damaged  cell  membranes  and  leached  the  cells  of  important  cofactors. 
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AXTIPHLOGISTK’  PROPERTY  OF  DESOXYCORTICOSTKR- 
ONE  AFTER  PARTIAL  HEPATE(TOMY,  ADRENALEC¬ 
TOMY,  forct:-pt:eding  and  kci  ingestion 
IN  THE  RAT 

ANDHE  HOBEHT  a\dJAMP:S  k.  nezamis 

Ihpnrtmenl  of  Endocrinology,  The  Upjohn  Co.,  Kalamazoo,  Michigan 
ABSTRAC'T 

Dc'soxycorticostcroiu*  (DOC)  lias  been  shown  to  he  antiphlogistic  in  the  rat 
after  both  local  and  systemic  administration.  When  given  systemically,  it  is, 
in  addition,  thymolytie  and  catabolic.  It  was  found  that  these  new  properties 
of  DOC  are  greatly  augmented  after  removal  of  70%  of  the  liver.  The  efficient 
inactivation  of  the  steroid  by  the  liver  may  explain  why  high  doses  must  be 
given  in  intact  animals. 

The  jiresent  investigations  also  indicate  that  the  antiphlogistic  and  catabolic 
projierties  of  DOC  are  specific  and  not  due  to  stress  reaction  eonseipient  to 
metabolic  flisturbanc(*s  of  the  hormone.  Actually,  the  effect  observed  was  not 
modified  by  adrenalectomy,  force-feeding  or  potassium  chloride  supplements. 

The  diff(‘r(‘nce  in  activity  between  DOC  and  cortisol  appears  to  be  mainly 
in  degree,  the  former  being  much  weaker. 

DI'.SOXYCOHTICOSTEHONE  has  been  shown  to  inhibit  infiainina- 
tion  in  the  rat  after  both  local  (1)  and  .systemic  (2)  administration. 
By  the  latter  route,  the  steroid  has  to  be  given  at  rather  high  do.ses,  from 
o-lO  mg.  daily.  Reichstein’s  compound  “S”  also  has  the  same  activity 
and  is  half  to  one-third  as  potent  as  de.soxycortico.sterone  (2).  Finally, 
progesterone  is  antiphlogistic  locally,  but  much  less  active  after  sy.stemic 
administration  (2).  Among  the  hypotheses  propo.sed  to  explain  the  anti¬ 
phlogistic  property  of  these  11-de.soxy  steroids,  two  were  retained  for 
further  investigation.  First,  it  was  thought  that  if  high  doses  have  to  be 
administered  systemically  in  order  to  produce  the  desired  effect,  it  may 
be  because  the.se  steroids  are  effectively  handled  by  the  liver  and  rapidly 
inactivated.  The  second  hypothesis  questioned  the  specificity  of  the  anti¬ 
phlogistic  activity  observed:  .since  only  high  doses  are  antiphlogi.stic,  the 
steroids  may  elicit  some  metabolic  changes  that  are  stre.s.sful  to  the  animal. 
Stimulation  of  the  hypophy.seal-adrenal  .system  would  then  inhibit  inflam¬ 
mation.  In  the  present  communication,  these  two  po.ssibilities  were  studied, 
and  de.soxycortico.sterone  (DOC)  was  u.sed. 

1.  Systejnic  Effect  of  DOC  on  Inflammation  in  Partially  Hepatectomized 
A  nimals 

Female  Sprague-DawUw  rat.s  weighing  from  155-165  gm.  were  either  partially 
liepatectomized  (70%)  or  sham  operated,  under  ether  anesthesia.  When  the  operations 
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wore  oompleted,  the  animals  were  re-anesthesized  with  ether  and  granuloma  pouches 
were  made  according  to  a  technicpie  previously  described  (3).  It  consists  briefly  of  in¬ 
jecting  25  cc.  of  air  under  the  shaved  dorsal  skin,  followed  by  injection  of  0.5  cc.  of  1% 
croton  oil  in  cottonseed  oil.  .Vfter  two  days,  air  was  withdrawn  and  the  animals  were 
killed  after  5  days,  instead  of  the  usual  4  day  i)criod,  because  the  stress  of  the  operations 
(sham  and  hepatectomy)  retarded  the  rate  of  exudate  formation.  At  autopsy,  the  volume 
of  exudate  was  accurately  measured  in  a  graduated  cylinder,  and  in  two  of  the  experi¬ 
ments  reported  here,  the  thymus  was  weighed  in  the  fresh  state.  DOC  was  given  at  the 
total  daily  dose  of  8  mg.,  divid(*d  into  two  morning  and  two  afternoon  injections  of  2 
mg.  each.  Volume  of  each  injection  was  0.2  cc.  and  the  vehicle  consisted  of  a  solution  of 
carboxj’methjdcellulose,  i)olysorbat(‘  80  and  benz\l  alcohol  in  isotonic,  saline.  Injections 
were  made  in  chest  and  abdomen,  far  from  the  pouch,  in  order  to  avoid  any  local  effect. 

Results.  Ue.sults  are  suniinarized  in  Tal)le  1.  At  the  dose  u.sed,  DOC 
was  inactive  in  the  sham  operated  animals  whereas  it  was  antiphlogistic, 
thymolytic  and  catabolic  after  hepatectomy. 


TaBI.K  1.  llcKKCT  t>F  DOC  ON  I  NH..\MM.\Tlo\ ,  TIIYMIS  AM)  BODY 


WEKiHT 

I.\  I'AUTIAI.LY 

HEI'ATE('T< 

IMIZEI)  A.M.MALS 

I 

II 

III 

IV 

Sham 

Ilopateetoiny 

Vehicle 

IKK' 

Signiheanee 

Vchirlc 

DOr  ! 

SiKniticaiiOf 

1  )aily  dDHO 

No.  of  rats 

Body  weielit  diffiT- 
ence*  fRiii.) 

KxiidatP  (rc  ) 

^  f  Inhibition 
Thviiuis  OiiK.) 
Inhibition 

S 

12 

4'2 

S.O  0.84 

:U4.6  17.0 

,  S 

8  iiiK. 

0 

4-2 

8.6  0.85 

2‘.‘1.2  10.0 

1  s 

1  11  N.S. 

I- 1 1  N.S. 

S 

12 

+  •'{ 

4.H  O..'*,.! 

256.0  18.8 

s 

8  IllK. 

10 

-6 

2.0  0.26 
56 

147.  ;•  10.7 

42 

111  IV  ** 

III  IV  *♦* 

S:  Standard  error. 

N.S.:  Differenco  is  not  si^nitioant. 
*♦  i>”  <0.01. 

♦♦♦  <0.001. 


2.  Is  (he  Antiphlogistic  Propertg  of  D()('  Specific  or  Due  to  a  Stress  Reaction/ 

Since  desoxycorticosterone  may  elicit  important  metabolic  derange¬ 
ments  when  given  at  high  doses,  it  was  neces.sary  to  verify  whether  the 
antiphlogistic  effect  observed  was  .specific  or  the  result  of  a  stre.ss  reaction. 
To  check  this  possibility,  three  experiments  were  performed  in  which 
adrenalectomized  rats,  force-fed  animals  and  animals  given  supplements 
of  pota.ssium  chloride  to  drink,  were  used,  respectively-  Female  Sprague- 
Dawley  rats  weighting  from  1.50-170  g.  were  used  throughout. 

A.  Antiphlogistic  ejfect  of  DOC  in  adrenalectomized  animals 

•Vndrcnah'ctomy  was  performed  under  other  anesthesia  through  two  low  incisions, 
as  anterior  as  possible — in  order  not  to  interfere  with  the  granuloma  pouch — whereas 
controls  were  sham  operated.  After  surgery,  granuloma  pouches  were  prepared  with  a 
new  ether  anesthesia.  The  foiir  day  assay  was  used  as  described  before  (3).  .\11  animals 
were  given  saline  1%  to  drink  throughout  the  experiment.  DOC  was  administere*!  at  the 
total  daily  dose  of  15  mg.,  divided  into  five  injections  of  3  mg.  in  0.2  cc.,  subcutaneously. 
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Tablk  2.  Effect  of  !)()('  o\  infeammatiox  in  adren ai.ectomizeo  animals 


I 

II 

III 

IV 

Sham 

Adrenalectomy 

Vehicle 

DOC'  Signifieance 

Vehicle 

DOf 

SieniHcance 

s 

S 

s  1 

S  1 

Daily  dost* 

1  15  mg.  1 

15  mg. 

No.  of  rats 

10 

10 

*.» 

10 

Body  \\eiglit  difforenct^ 

+1 

-7 

'  —2 

+  1  1 

(etiK) 

Saline  consumption 

S6 

65 

26 

75 

foe.  per  day) 

Food  consumption 

1.3.5 

12.0 

10.8 

13.1 

(gin.  per  day) 

Kxudate  fee.) 

5.6  0.35 

2.4  0.28  .  MI  *** 

6.0  0.34 

2.0  0.24 

Ml  IV  **» 

IMV  N'.S. 

%  Inhibition 

1 

56 

67 

S:  Standard  error. 

N.S. ;  Difference  is  not  siKnifieant. 

♦«» 


Results.  As  shown  in  Tal)le  2,  DOC  exerted  approximately  the  same 
antiphlogistic  effect  in  adrenalectomized  as  in  normal  animals.  As  expected, 
the  daily  saline  consumption  was  increased  by  DOC.  In  the  sham  operated 
animals  ((Iroup  II),  DOC  was  catabolic  whereas  it  oidy  slightly  increased 
the  body  weight  of  the  adrenalectomized  rats  ((Jroup  IV). 

H.  Antiphlogistic  effect  of  desoxgeortieosterone  in  force-fed  animals 

Not  only  does  DOC  inhibit  inflammation,  but  at  the  same  time  growth 
is  retarded.  In  order  to  determine  whether  this  effect  on  body  weight,  was 
merely  due  to  a  decrease  in  food  intake,  DOC  was  administered  in  force- 
fed  rats.  It  was  thought  that  this  experiment  would  also  indicate  if  the 
inhibition  of  inflammation  could  be  attributed  to  a  decrease  in  food  con- 
.sumption. 

Forty  rats  wore  (lividod  into  four  equal  groups  as  shown  in  Table  3.  The  first  two 
groups  were  given  granulated  Purina  laboratory  chow  od  h'6.  and  the  amount  eonsumed 
daily  was  measured.  The  last  two  groups  were  foree-fed  with  10  ee.  of  a  medium  carbo¬ 
hydrate  diet  twice  daily  and  water  was  allowed  throughout.  It  had  been  learned  by 
previous  e.xperience  that  rats  receiving  this  quantity  of  fluid  diet  grow  as  well  as  animals 


Table  3.  1’A'fect  of  DOC  on  inflammation  and  body  weioiit 

IN  ANIMALS  FED  AD  LIB.  AND  FORCE-FED 


I 

II 

III 

IV 

Fed  ad  lib. 

Force-fed 

Vehicle 

DOC 

Significance 

Vehicle 

DOC 

Significance 

Daily  dose 

No.  of  rats 

Body  weight  difference 
(gni.) 

FchkI  consumption 
fgm.  per  day) 

s 

10 

+'.♦ 

15.1 

s 

15  mg. 

10 

-4 

13.4 

s 

10 

+11 

S 

15  mg. 

10 

+5 

Kxudate  (cc.) 

6.8  0.60 

2.8  0.29 

i-ii  *** 

6.9  0.48 

3.3  0.36 

IIMV  *’* 
Il-IV  N.S. 

%  Inhibition 

.58 

44 

S:  .Standard  error. 

N.S.:  Difference  ia  not  significant. 
•»*  “P'*  <0.001. 
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’I'abi.k  4.  I'A'kkct  ok  1)(K'  ox  ixki.ammation  and  boi>y  weioiit  in 

AMMAI.S  CIVEX  sri'I’LEMEXTS  OF  l■OTASS^  M 


1 

1 

I 

II 

III 

IV 

Water 

KCl  2'  f 

Vehicle 

DOC 

Significance  Vehicle 

DOC  1 

Significance 

S 

s  ^ 

s 

s 

Daily  dost* 

1.5  niK. 

15inK. 

No.  of  rats 

10 

10 

10 

10 

H«>dv  weight  differ<*nce 

+8 

0 

+10 

+2 

(Kin.) 

riuid  eonsiiniption 

27 

.32 

28 

:  29 

(oc.  per  day) 

1  i 

Food  consumption 

14.7 

13.0 

15.2 

13.8 

(Kill,  per  day) 

Exudate  (ce.) 

6.6  O.'H 

4.1  0.30 

I-II  »*  6.5  0.35 

3.8  0.40 

IIl-IV  ♦** 

1 1- IV  .\.s. 

Inhibition 

37 

41 

S:  Standard  error. 

N.S.:  Differenee  is  not  significant. 
** 


oatiiiK  Purina  ad  lib.  These  two  food  preparations  were  given  for  a  training  period  of  5 
days  after  whieh  granuloma  pouehes  were  made.  'I'lie  animals  were  killed  after  4  days 
and  the  exudate  eolleeted.  DOC  was  administered  at  a  daily  dose  of  15  mg.,  divided  into 
5  subcutaneous  injections  of  3  mg.  (two  a.m.,  three  p.m.). 

Results.  DOC  treated  animals  of  Croup  II  ate  on  tlie  average  1.7  gm. 
less  daily  than  controls  and  lost  weight  (Table  3).  In  the  force-fed  DOC 
treated  rats  (Croup  IV),  there  was  no  weight  loss  but  the  gain  was  small 
compared  with  the  controls  (Croup  III).  This  suggests  that  only  part  of 
the  catabolic  effect  of  DOC  is  due  to  decreased  appetite.  Whether  the 
animals  ate  ad  lib.  or  were  force-fed,  DOC  exerted  its  usual  antiphlogistic 
effect  and  the  difference  between  the  two  DOC  treated  groups  was  not 
stati.stically  significant. 

C.  Antiphlogistic  effect  of  desoxycortieosteronc  in  animals  drinking  KCl  2% 

Forty  animals  were  divided  into  4  equal  groups  as  indicated  in  Table  4.  The  first  two 
groups  drank  water  and  the  last  two  were  given  a  2%  solution  of  KC’l  to  drink.  If  the 
kypokalemic  effect  of  DOC  was  so  great  that  it  provoked  a  stress  reaction  in  the  animals, 
it  was  hoped  that  this  supplement  of  KCl  would  prevent  this  complication.  The  animals 
were  observed  for  4  days,  during  which  fluid  intake  was  measured  daily;  it  was  found  that 
about  as  much  of  the  KCl  solution  at  this  concentration  was  consumed  as  water,  .\fter 
this  period,  granuloma  pouches  were  made  and  the  animals  of  the  last  two  groups  con¬ 
tinued  receiving  KCl  2%.  DOC  was  injected  at  a  total  daily  dose  of  15  mg.,  divided 
into  5  subcutaneous  injections  of  3  mg.  (two  a.m.,  three  p.m.).  All  rats  were  given  granu¬ 
lated  Purina  laboratory  chow  ad  lib.  The  animals  were  killed  after  4  days  and  the 
exudate  collected. 

Results.  Table  4  indicates  that  the  percentage  of  inhibition  of  inflamma¬ 
tion  was  the  .same  whether  the  animals  drank  water  or  KCl  2%.  Likewi.se, 
KCl  did  not  influence  the  catabolic  effect  of  DOC.  Daily  food  consump¬ 
tion  was  diminished  by  about  1  g.  in  both  groups  receiving  the  steroid. 
A  daily  fluid  intake  of  liO  cc.  (Table  4)  indicates  that  the  animals  received 
a  supplement  of  000  mg.  of  KCl  (814  mg.  of  potassium)  daily. 


ROBERT  AND  NEZAMIS 


Volume  OS 


93<) 


DISCUSSION 

The  results  of  the  first  experiment  iiulicate  that  removal  of  70%  of  tlie 
liver  increases  the  antiphlogistic,  thymolytic  and  catabolic  properties  of 
desoxycorticosterone.  The  apparent  ease  with  which  the  liver  handles  this 
steroid  may  partially  explain  why  high  doses  have  to  he  administered 
systemically,  in  intact  animals,  in  order  to  produce  the  effects  described. 

The  last  three  experiments  showed  to  our  satisfaction  that  the  anti¬ 
phlogistic  effect  of  DOC  is  not  due  to  a  pituitary-adrenal  stress  reaction 
elicited  by  metabolic  changes  produced  by  the  treatment.  Actually,  the 
degree  of  inhibition  of  inflammation  was  practically  the  same  whether  the 
animals  were  adrenalectomized,  force-fed  or  given  supplements  of  KCl. 
We  therefore  feel  justified  to  conclude  that  the  antiphlogistic,  thymolytic 
and  catabolic  activities  of  DOC  are  specific.  They  seem  to  be  as  specific 
as  in  the  ca.se  of  glucocorticoids,  the  only  difference  between  the  two  cla.s.ses 
of  compounds  being  in  degree.  The  parallelism  is  even  more  striking  in 
view  of  the  re.sults  of  Verzar  (4)  who  demonstrated  that  DOC  promotes 
liver  glycogen  deposition  in  the  adrenalectomized  rat.  However,  the  pos- 
.sibility  that  DOC  exerts  its  corti.sol-like  activity  through  .systemic,  extra¬ 
adrenal  stre.s.sing  effect  must  be  kept  in  mind  since  it  is  not  ruled  out  by 
our  experimental  conditions.  Such  a  po.ssibility  only  appears  to  be  remote 
as  judged  by  the  excellent  clinical  condition  of  the  DOC  treated  animals. 

As  to  the  mechanism  by  which  DOC  and  other  1  l-de.soxysteroids  (2) 
exert  their  antiphlogistic,  catabolic  and  thymolytic  actions,  it  is  pos.sible 
that  either  a)  they  are  active  as  such  but  are  weak  compounds  compared 
to  steroids  of  the  corti.sone  family;  or  b)  they  may  exert  the.se  activities 
onh’  after  conversion  into  another  compound,  probably  steroidal.  This 
hypothetical  conversion  product  would  be  the  active  principle  and  the 
conversion  would  take  place  in  organs  other  than  the  adrenals  and  the  liver. 

Acknowledgment 

The  authors  gratefully  acknowledge  the  assistance  of  Mr.  .1.  1.  Northam  for  statistical 
evaluation  of  the  results. 


REFERENCES 

1.  Robert,  A.  and  J.  E.  Nezamis:  Ada  Endocrinol.  25:  298.  19.57. 

2.  Robert,  A.  and  J.  E.  Nezamis:  Endocrinology  18:  937.  1901. 

3.  Robert,  .\.  and  J.  E.  Nezamis:  .Ida  Endocrinol.  25:  105,  1957. 

4.  Verz.\r,  F.:  Cibn  Found.  Coll,  on  Endocrinology  2:  179.  19.52. 


ANTIPHLOGISTIC  PROPERTY  OF  CERTAIN  11-DESONY 
STEROIDS  AFTER  SYSTEMIC^  ADMINISTRATION 
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Department  of  Endocrinologi),  The  I’pjolin  Co.,  Kalamazoo,  Michigan 


ABSTRACT 

Two  1 1-desoxy  corticoids,  desoxycorticosterone  (D()(')  and  Reiclistein’s 
Cpd.  “S,”  were  found  to  be  antiphlogistic  in  the  rat  (using  the  granuloma 
pouch),  after  either  systemic  or  local  administration.  In  addition,  when  given 
systemically  in  large  doses,  they  were  catabolic  and  thymolytic.  These  findings 
assimilate  these  steroids  to  glucocorticoids  although  they  have  generally  been 
classified  among  mineralocorticoids.  Progesterone,  given  systemically,  was 
slightly  antiphlogistic  and  thymolytic.  Its  antiphlogistic  property  was  more 
evident  after  local  administration. 

The  following  hypotheses  are  considered  to  exjdain  the  mode  of  action  of 
these  ll-desoxy  steroids  on  inflammation,  thymus  and  body  weights: 

1.  These  steroids  may  be  active  as  such  but,  being  weak  or  rajjidly  in¬ 
activated  by  the  liver,  large  doses  must  be  administered. 

2.  These  steroids  may  exert  their  activity  only  after  being  converted  in  tin* 
body  into  another  compound  (possibly  the  correspondent  11-oxy  derivative.s) 
emlowed  with  the  described  properties. 

3.  Since  large  doses  have  to  be  given,  these  steroids  may  produce  such 
metabolic  disturbances  that  the  antiphlogistic  effect  observed  would  be  due  to 
non-specific  stress  reaction. 

The  data  do  not  permit  a  choice  among  these  hj-potheses. 


DESOXYCORTICOSTERONE  (DOC),  admini.stered  systemically, 
has  repeatedly  been  reported  to  exert  a  prophlogistic  effect  in  ex¬ 
perimental  animals  (1-7).  Seifter  el  al.  (S)  found  that  DCA  produces  a 
marked  increase  in  .synovial  membrane  permeability  in  the  rabbit,  by  us¬ 
ing  the  clearance  rate  of  phenolsulfonphthalein  from  the  joint,  whereas 
cortisone  exerts  the  opposite  effect.  There  were,  however,  some  reports 
several  years  ago  on  the  alleged  anti-arthritic  effect  of  DOC  associated 
with  ascorbic  acid  (9-11),  but  the  majority  of  clinicians  who  attempted 
to  reproduce  these  latter  results  failed:  they  found  this  steroid  either  to 
be  ineffective  (12-15)  or  to  aggravate  the  inflammatory  process  (16-18). 
In  another  series,  Cajander  (19)  found  this  hormone  to  be  of  no  value  in 
some  patients,  anti-arthritic  in  others,  and  prophlogistic  in  still  other 
cases.  Finally,  in  some  cases  of  Addison’s  disease,  treatment  with  DCA 
has  been  followed  by  development  of  “rheumatic  arthritis”  which  subsided 
upon  administration  of  cortisone  (20,  21). 

On  the  other  hand,  we  found  that  this  same  steroid,  when  locally  applied 
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into  an  inflammatory  area,  inhibits  inflammation  (22).  It  was  then  assumed 
that,  after  local  administration,  the  tissue  concentration  of  the  injected 
material  is  much  higher  than  following  systemic  administration;  for  this 
reason,  it  was  postulated  that,  to  demonstrate  an  antiphlogistic  effect  for 
DOC  after  systemic  administration,  one  would  have  to  give  large  doses 
to  build  up  a  concentration  at  the  tissue  level  (the  inflamed  area)  high 
enough  to  inhibit  inflammation.  To  check  this  hypothesis,  large  doses  of 
desoxycorticosterone  were  administered  .subcutaneously  to  granuloma 
pouch  bearing  animals.  Other  11-desoxy  steroids  were  also  used  for  com¬ 
parison  purposes. 


M.\TERL\LS  AND  METHODS 

Female  Sprague-Dawley  rats,  weighing  from  1.55-16.5  gm.,  were  used,  eaeh  group 
eonsisting  of  8  to  15  animals.  (Iranuloma  pouches  were  performed  according  to  a  tech¬ 
nique  previously  described  (23).  In  brief,  it  consisted  of  injecting  25  ec.  of  air  under  the 
shave<l  dorsal  skin,  followed  by  injection  into  the  air  sac  of  0.5  cc.  of  1%  croton  oil  in 
cottonseed  oil.  Two  days  after  the  pouch  was  made,  air  was  withdrawn  and  the  animals 
were  killed  on  the  fourth  day.  The  e.xudate  was  collected  in  a  graduated  cylinder  and,  in 
some  e.xperiments,  the  pouch  itself  was  dissected  out  and  weighed  after  being  emptied  of  its 
contents.  The  hormonal  treatment  was  initiated  immediately  after  the  pouch  was  made. 
Desoxj'corticosterone  (DOC),  Reichstein’s  compound  “S”  (Cpd.  “S”),  progesterone  and 
pregnane-3, 20-dione  were  given  in  various  amounts  and  the  total  daily  dose  was  divided 
into  several  subcutaneous  injections  of  0.2  ec.,  as  indicated  in  Table  1.  Injections  were 
made  over  the  chest  and  abdomen,  that  is,  far  from  the  granuloma  pouch.  Control 
animals  received  the  same  number  of  injections  of  vehicle  (a  solution  of  carboxymethyl- 
cellulose,  polysorbate  80  and  benzyl  alcohol  in  isotonic  saline). 

In  the  ease  of  local  administration,  the  steroids  were  first  injected  under  the  dorsal 
skin  in  a  volume  of  0.2  cc.,  followed  by  injection  of  air  about  20  minutes  later;  all  the 
steroid  material  was  thus  lifted  and  remained  in  the  wall  of  the  granuloma  pouch 
throughout  the  experiment.  No  further  injection  was  made  in  these  animals. 

RESULTS 

Figure  1  indicates  that  DOC  and  Cpd.  “S”  are  antiphlogi.stic  wlien 
administered  systemically ;  the  minimal  effective  doses  are  around  7  mg. 
and  20  mg.  daily,  respectively,  and  the  degree  of  inhibition  of  inflamma¬ 
tion  is  related  to  the  dose.  In  the  case  of  progesterone,  a  dose  response 
curve  could  not  be  established  .sati.sfactorily  because  activity  was  found 
for  only  the  highest  dose;  the  threshold  dose  may  be  around  70  mg.  a 
day.  Peru-sal  of  Table  1  shows  that  when  given  at  effective  antiphlogistic 
do.ses,  both  DOC  and  Cpd.  “S”  are  also  catabolic,  as  shown  by  body 
weight  changes,  and  thymolytic.  By  comparing  the  doses  of  both  steroids 
re(}uired  to  obtain  a  given  percentage  of  inhibition  of  inflammation,  DOC 
appears  to  be  two  to  three  times  as  active  as  Cpd.  “S.”  DOC  is  also  more 
potent  than  Cpd.  “S”  as  a  catabolic  and  thymolytic  agent,  whereas  pro¬ 
gesterone  is  not  catabolic  and  its  antiphlogistic  and  thymolytic  effects  are 
.slight. 

Furthermore,  Table  1  indicates  that  the.se  three  steroids  are  also  anti- 
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phlogistic  when  administered  locally,  but  their  relative  difTerence  in  po¬ 
tency  is  by  far  not  as  marked  as  after  systemic  administration.  In  another 
study  (unpublished)  in  which  the  local  effect  of  multiple  doses  was  ex¬ 
amined,  it  was  found  that  DOC  and  Cpd.  “S”  are  about  equally  active 
and  are  4  times  as  potent  as  progesterone. 

It  is  noteworthy  that  the.se  11-desoxy  steroids  inhibited  not  only  exuda¬ 
tion  but  also  the  growth  of  inflammatory  tissue  as  shown  by  the  weight 
of  the  granuloma  pouch.  This  indicates  again  that  measure  of  exudate  is 
as  good  an  index  of  inflammation  as  weight  of  granuloma  itself,  a  fact 
which  has  been  repeatedly  established  in  the  past  (24,  2.5).  Finally, 
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Fig.  1.  Effect  of  DOC,  Cpd.  “S”  and 
progesterone  on  inflammation.  Ordinate 
indicates  percentage  of  inhibition  of  exu¬ 
date  formation.  Abscissa  indicates  dose  per 
rat  per  day. 


preg;iiane-;i,20-(lione,  chosen  as  a  representative  of  steroids  lacking  any 
known  liormonal  activity,  was  inactive. 

DISCUSSION' 

The  results  of  these  experiments  indicate  that  certain  11-desoxy  steroids, 
when  administered  sy.stemically,  produce  the  .same  pharmacological 
changes  (catabolism,  inhibition  of  inflammation,  thymus  atrophy)  as 
11-oxy  corticoids,  provided  high  enough  doses  are  given.  DOC  appeared 
to  be  the  most  active  of  the  compounds  studied,  followed  by  Cpd.  “S” 
(half  to  one-third  as  active  as  DOC)  and  progesterone  (still  less  active). 
The  effect  obtained  was  directly  related  to  the  dose.  Pregnane-3, 20-dione, 
known  to  po.s.se.ss  no  hormonal  activity,  was  inert.  Previous  lack  of  recogni¬ 
tion  of  these  properties  may  be  ascribed  to  the  fact  that  these  steroids 
have  rarely  been  administered  systemically  at  the  dose  levels  used  in  the 
present  study. 

In  view  of  these  ob.servations,  it  is  tempting  to  classify  both  DOC  and 
Cpd.  “S”  among  glucocorticoids,  although  they  are  commonly  regarded 
as  mineralocorticoids.  It  seems  that  they  po.s.se.ss  both  activities,  but  at 
different  degrees  depending  on  the  dose.  This  duality  was  known  for  gluco¬ 
corticoids  (e.g.,  corti.sone,  cortisol,  and  some  of  their  derivatives,  in  addi¬ 
tion  to  being  antiphlogistic,  catabolic  and  thymolytic,  are  also  .salt- 
retainers  to  various  degrees).  As  far  as  we  know,  the  reverse  has  never 
been  firmly  established,  DOC  being  listed  by  many  as  a  “pure”  mineralo- 
corticoid.  There  is  no  doubt  that  the  classification  of  corticoids  into  gluco 
and  mincralo  is  still  most  useful  .since  it  indicates  the  predominant  bio- 
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logical  activity  of  the  steroids.  These  terms  should  not,  however,  he  inter¬ 
preted  as  suggesting  exclusive  properties.  Multiple  potentials  often  exist 
in  a  given  steroid.  Thus,  DOC,  like  some  new  cortisol  derivatives  such  as 
2a-methyl-9a-fluorocortisol  (2()),  may  he  classified  as  and  act  as  a  mineralo- 
corticoid  at  very  low  doses  hut  its  inherent  glucocorticoid  properties  appear 
only  at  very  high  doses. 

Verzar  and  his  co-workers  have  presented  evidence  for  the  glycogenic 
property  of  DOC.  They  found  that  DOC  has  the  ability  to  deposit  glyco¬ 
gen  in  the  liver  of  adrenalectomized  rats  as  cortisone  does  (27,  28).  Both 
steroids  appeared  to  differ  only  in  the  time  required  to  produce  the  effect: 
a  single  dose  of  cortisone  increased  liver  glycogen  in  a  few  hours,  whereas 
several  days  of  pretreatment  were  necessary  to  obtain  the  same  change 
with  DOC. 

The  literature  concerning  the  local  effect  of  11-desoxy  steroids  on  in¬ 
flammation  is  rather  confusing.  .Meier  ct  al.  (29)  and  Desaulles  et  at.  (30) 
observed  inhibition  of  granuloma  formation  after  local  application  of 
desoxycorticosterone  in  subcutaneously  implanted  cotton  pads.  Similarly, 
Baker  (31)  reported  a  suppression  of  connective  tissue  surrounding  a 
desoxycorticosterone  pellet  implanted  into  orbital  tissue  of  the  rat.  Jasmin 
(32)  confirmed  this  finding  by  studying  the  reaction  around  a  DCA  pellet 
implanted  under  dorsal  skin.  Other  authors,  however  (Dougherty  and 
Schneebeli  (33),  and  Sakabe  et  al.  (34)  using  respectively  the  spreading 
of  loose  connective  tissue  after  histamine  injection  and  the  reaction  of 
subcutaneously  injected  quartz),  did  not  observe  any  local  effect  of  DOC. 
Dougherty  and  Schneebeli  (35)  found  that  DOC  counteracted  the  inhibi¬ 
tory  property  of  cortisone.  Taubeidiaus  et  al.  (3fi)  could  not  demonstrate 
a  local  effect  of  DCA  on  the  turpentine  abscess,  although  when  DCA  and 
cortisone  were  mixed  with  turpentine,  the  inhibitory  effect  of  cortisone 
was  prevented  by  DC.\.  On  the  other  hand,  Hindani  (37)  reported  a 
prophlogistic  effect  after  injection  of  either  DOC  or  Reichstein’s  compound 
“S”  locally  into  the  cavity  of  the  granuloma  pouch.  Using  Cpd.  “S” 
locally,  Dougherty  and  Schneebelli  (33)  found  some  anti-inflammatory 
activity.  Progesterone  injected  together  with  quartz  particles  under  the 
skin  of  the  rat  did  not  inhibit  the  resulting  inflammation  (34).  Similarly, 
Opsahl  (38)  could  not  inhibit  the  spreading  of  India  ink. 

It  is  difficult  to  reconcile  some  of  these  conflicting  reports.  It  is  possible 
that  steroids  gave  variable  results  because  of  the  widely  differing  dosages 
used  by  these  authors.  Also,  by  using  a  variety  of  assays  (turpentine  ab¬ 
scess,  quartz  granuloma,  tissue  reaction  to  histamine,  spreading  of  India 
ink,  etc.),  the  response  to  a  given  steroid  may  not  always  be  the  same. 

It  is  still  difficult  at  this  time  to  offer  a  good  explanation  as  to  the  mode 
of  action  of  these  three  11-desoxy  steroids,  after  either  local  or  systemic 
administration.  The  following  hypotheses  may  be  considered. 

These  11-desoxy  steroids  may  be  antiphlogistic  as  such  when  given 
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locally  but  may  be  so  weak  that,  after  systemic  administration,  the 
activity  is  not  shown  unless  high  doses  are  given;  body  dilution  would 
prevent  a  high  enough  peripheral  concentration  to  be  reached.  It  is  also 
possible  that  the  steroids  are  so  efficiently  metabolized  by  the  liver  that 
only  high  doses  can  overcome  such  inactivation. 

B.  The  steroids  used  may  be  inert  but  undergo  conversion  in  the  body 
after  injection.  The  conversion  products  would  then  be  endowed  with  anti¬ 
phlogistic  properties.  One  could  speculate  on  the  nature  of  these  hypo¬ 
thetical  compounds  but,  if  they  are  steroidal  in  nature,  they  may  be 
oxygenated  at  C-11.  The  11-oxy  derivatives  of  DOC,  Cpd.  “S”  and  pro¬ 
gesterone  are  known  to  exert  antiphlogistic  activity  by  either  local  or 
systemic  administration. 

C.  Finally,  it  could  be  argued  that  the  high  sy.stemic  doses  used  in  our 
experiments  induced  such  metabolic  derangements  that  the  antiphlogistic 
effect  observed  was  due  to  non-specific  stress  reaction. 

The  experiments  reported  here  do  not  permit  choosing  among  these 
hypotheses  but  some  of  these  were  tested  and  are  reported  in  a  separate 
communication  (39). 
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EFFECT  OF  VARIOUS  STEROIDS  ON  THE  DEVELOPMENT 
OF  THE  BURSA  FABRICII  IN  CHilCTv  EMBRYOS' 


HICHARD  L.  ASPINALL,  ROLAND  K.  MKVKR 
Axi)  M.  APPASWAMI  RAO 

Department  of  Zoology,  University  of  Wisconsin,  Madison,  Wisconsin 
ABSTRACT 

The  effects  of  various  androgeu-like  steroids  on  the  development  of  the 
bursa  of  Fabricius,  the  tlij’mus  and  spleen  were  studied  in  chick  embryos.  Vary¬ 
ing  doses  of  the  hormones,  ranging  from  O.Oo  mg.  to  1.5  mg.,  were  injecteil  in  oil 
solution  into  the  albumin  portion  of  developing  eggs  on  the  5th  day  of  in¬ 
cubation.  Autopsies  were  performed  on  the  19th  day  of  incubation. 

Of  the  compounds  tested,  dihydrotestosterone  proved  to  be  the  most  active 
in  terms  of  inhibiting  the  development  of  the  bursa,  using  the  degree  of  reduc¬ 
tion  of  the  tissue  weight  as  the  criterion  of  activit}'.  Several  of  the  other  less 
potent  compounds  were  grouped  in  the  order  of  decreasing  activity  as  follows: 
a)  androsterone,  androstane-3,17-dione,  b)  19-nortestosterone,  testosterone- 
cyclo-pentyl-propionate,  methylandrostenediol,  and  c)  testosterone. 

An  attempt  was  made  to  relate  the  relative  activities  of  these  compounds 
in  causing  bursal  inhibition  to  their  structural  configurations.  For  exami)le, 
those  androgens  with  a  completely  reduced  steroid  nucleus  were  shown  to  be 
the  most  active. 

The  development  of  the  thymus  and  spleen  was  not  affected  by  any  of  the 
compounds  at  the  doses  employed. 

Meyer  et  al.  have  shown  that  in  chickens  (1,  2,  3)  and  pheasants  (2) 
19-nortestosterone  inhibits  the  embyonic  development  of  the  l)ursa 
Fabricii,  a  lymphoid  organ  attached  to  the  dorsal  wall  of  the  cloaca  in 
birds.  A  detailed  histological  investigation  of  this  phenomenon  revealed 
that  under  the  influence  of  the  hormone  the  bur.sal  anlage  is  arre.sted  at 
the  endodermal  duct  stage  (4).  Differentiation  into  lymphoid  tissue  does 
not  take  place. 

On  the  basis  of  these  data  it  became  of  interest  to  make  a  comparative 
study  of  the  effects  of  other  androgenic  steroids  on  the  differentiation  of 
the  bursa.  This  report  describes  the  results  of  such  a  study.- 

MATERIALS  AND  METHODS 

Eggs  from  a  hybrid  strain  of  the  White  Leghorn  chicken  known  as  the  “Wisco-white” 
(Sunnyside  Hatcher}',  Madison,  Wisconsin)  were  selected  for  this  gtudy.  They  were 
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*  Supported  by  grant  #A-804(C  10)  from  the  National  Institute  of  .\rthritis  and 
Metabolic  Diseases  and  by  funds  from  the  Wisconsin  .\lumni  Research  Foundation. 

*  Prekminary  results  were  orally  presented  at  the  126th  meeting  of  the  .Vmerican 
.\ssociation  for  the  Advancement  of  Science,  December  30,  1959. 


944 


June,  1961 


STEROIDAL  INHIBITION  OF  THE  BURSA 


945 


maintained  in  an  incubator  at  a  temperature  of  99^°  F  and  a  relative  humidity  of  85%. 
The  eggs  were  removed  from  the  incubator  long  enough  for  treatment  on  the  5th  day  uf 
incubation.  After  candling,  a  hole  was  made  with  a  sharp  instrument  at  the  pointed  end 
of  the  fertile  egg.  The  hormone  solutions  were  then  injected  into  the  albumin  with  a  | 
inch  23  gauge  hypodermic  needle  attached  to  a  1  cc.  syringe.  All  hormones  were  injected 
in  0.1  cc.  volume  of  corn  oil  (U.S.P.  Magnus,  Mabee  and  Reynard,  Inc.,  New  York, 
N.  Y.).  The  hole  was  covered  with  melted  paraffin  and  the  eggs  were  immediately  re¬ 
turned  to  the  incubator. 

The  embr3  0s  were  autopsied  on  the  19th  daj'  of  incubation,  2  da\  s  prior  to  hatching. 
'I'he  eggs  were  first  placed  in  a  chloroform  chamber  for  a  few  minutes  to  kill  the  embrvos. 
The  shell,  shell  membranes,  and  extraembryonic  membranes,  with  the  exception  of  the 
yolk  sac,  were  removed.  The  embrj-os  were  wiped  with  absorbent  cotton  and  weighed 
on  an  O’Haus  triple-beam  balance.  The  left  thj  mus,  the  spleen  and  bursa  were  then  dis¬ 
sected  free  of  extraneous  tissue  and  weighed  on  a  100  mg.  Roller-Smith  balance. 

The  data  were  calculated  in  terms  of  mg.  of  tissue  per  100  gm.  both"  weight  and  ex¬ 
pressed  as  mg.%. 


RESULTS 

Each  compound  was  tested  at  2  dose  levels  in  tlie  first  experiment  to 
establish  its  activity  relative  to  19-nortestosterone.  W’e  had  previously 
established  that  0.63  mg.  19-nortestosterone  was  sufficient  to  completely 
inhibit  the  development  of  the  bursa  (1,  2,  3,  4).  Therefore,  the  do.ses  of  this 
hormone  were  reduced,  to  0.1  mg.  and  0.3  mg.  to  attain  a  do.se-respon.se 
relationship.  The  other  steroids  were  tested  at  0.5  mg.  and  1.5  mg.  to 
ascertain  which  compounds  were  as  active  and  which  were  less  active  than 
19-nortestosterone.  The  steroids  tested  differed  from  each  other  in  the 
side  groups  on  carbons  3  and  17  and  in  the  saturation  of  rings  A  and  B. 
This  design  was  selected  with  the  intent  that  the  bur.sal  inhil)itory  activity 
might  be  correlated  with  specific  molecular  configurations. 

The  results  of  the  first  experiment  (Table  1)  revealed  that  androstane- 

3.17- dione,  methylandrostenediol,  androsterone  and  dihydrotestosterone 
were  at  least  as  active  as  19-nortestosterone  in  inhibiting  the  development 
of  the  bursa.  Dehydroepiandrosterone,  androstane-17-one,  A^-androstene- 

3.17- dione  and  estradiol- 17-/3,  in  the  order  of  decreasing  activity,  were 
decidedly  weaker  at  the.se  doses.  A“-androstane-3,17-diol-17-benzoate  and 
17-hydroxypregnenolone  showed  no  activity  when  compared  to  control 
values.  The  thymus  and  spleen  were  not  significantly  affected  by  any  of 
the  compounds. 

In  the  next  experiment  the  most  active  compounds  were  given  at  lower 
doses  to  determine  their  relative  activities  in  causing  inhibition  (Table  2). 
Dihydrotestosterone  was  considered  to  be  the  most  active  when  judged 
by  its  lower  extinction  value,  the  smallest  dose  of  a  compound  which  pro¬ 
duces  maximum  inhibition.  The  extinction  value  for  dihydrotestosterone 
is  assumed  to  be  15.7  mg.%  at  the  0.05  mg.  dose  lev'el.  Androsterone  and 
androstane-3,17-dione  had  similar  activities,  possessing  somewhat  higher 
extinction  values  (approximately  35  mg.%  at  the  0.1  mg.  dose)  than  di- 
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Table  1.  I^efect  of  vari(»is  steroids  on  the  development  of  the  thymi  s,  spleen  and 

BI  RSA  OF  FABRKirs  IN  THE  EMBRYOS  OF  WlSCO- VVllITE  CHU'KENS 


“ 

0.5  nil!. 

1.5  iiig. 

Treatment 

tiroup 

.Mk.% 
thy-  S.E. 

II1U8* 

c:  s.E. 

spleen 

Mr. 

%  S.E. 
bursa 

Mg.% 
thy-  S.E. 
mils* 

Mg. 

S.E. 

splwn 

Mr. 

9c  S.E. 
bursa 

Androsterone 

2 

53.716.6 

(12) 

31.911.7 

(12) 

0.010.0 

(12) 

59.9  +  3.2 
(12) 

29.911.4 

(11) 

0.010.0 

(12) 

A”-andro8tnne-3- 1 7-diol- 
benzoate 

.3 

64.617.1 

(12) 

29.612.3 

(12) 

119.617.6 

(12) 

52.615.1 

(11) 

23.712.7 

(12) 

92.415.0 

(12) 

Androstane-3, 1 7-dione 

4 

64.415.8 

(11) 

27.212.3 

(11) 

0.210.1 

(11) 

63.9  +  3.9 
(11) 

30.211.7 

(11) 

0. 0  +  0.0 
(11) 

Deliydroepiandrosterone 

.5 

59.716.6 

(12) 

32.313.3 

(12) 

42.716.2 

(12) 

54.513.9 

(12) 

27.812.9 

(12) 

0.010.0 

(12) 

A  ndrostane-l  7-one 

6 

65.917.5 

(11) 

26.512.3 

(11) 

52.218.7 

(11) 

60.715.1 

(11) 

24.411.5 

(11) 

20.815.2 

(11) 

Methylandrostenediol 

7 

58.515.4 

(9) 

24.011.6 

(9) 

3.611.9 

(9) 

60.617.1 

(10) 

27.112.6 

(10) 

2.41 1.2 
(9) 

A^-andro8tene-3, 17*dione 

8 

59.213.9 

(10) 

28.411.6 

(10) 

73.716.1 

(10) 

57.813.8 

(11) 

23.911.8 

(11) 

21.514.0 

(11) 

17“hydroxypregnenolone 

9 

65.714.4 

(11) 

30.211.4 

(11) 

107.015.7 

(11) 

63.617.5 

(10) 

25.811.1 

(10) 

118.416.3 

(10) 

ot-e»tradioI 

10 

57.814.3 

(12) 

27.211.1 

(12) 

80.616.3 

(12) 

56.214.4 

(12) 

32.411.4 

(12) 

57.815.1 

(12) 

Dihydrotestosterone 

11 

55.615.7 

(12) 

23.411.9 

(12) 

2.211.4 

(12) 

57.315.4 

(12) 

31.711.9 

(12) 

1.210.8 

(12) 

0.1  mg. 

0.3  mg. 

l^^-nortestosterone 

12 

55.213.7 

(12) 

26.311.3 

(12) 

55.616.4 

(12) 

56.113.4 

(11) 

25.711.6 

(11) 

10.5  +  2.9 
(11) 

Oil  only 

No  treatment 

Controls 

1 

66.216.1 

(10) 

31.613.1 

(11) 

95.917.2 

(11) 

73.616.7 

(12) 

28.511.5 

(12) 

112.617.8 

(12) 

*  The  anterior  3  lobes  of  the  left  thymus. 

**  Mg.  tissue  per  100  gm.  body  weight  ±  standard  error. 

The  number  in  parentheses  under  each  value  represents  the  number  of  embryos. 


hydrotestosterone.  The  0.2  mg.  value  for  androstane-Ii.lT-dione  had  a  very 
large  standard  error,  which  is  unexplainable  (Table  2).  The  true  value  may 
be  somewhat  lower. 

Methylandrostenediol,  19-nortestosterone  and  testosterone-cyclo-pentyl- 
propionate  gave  curves  falling  within  the  same  range  with  .similar  extinc¬ 
tion  values.  They,  therefore,  appear  to  be  equal  in  activity,  but  somewhat 
te.ss  active  than  androsterone  and  andro.stane-3,17-dione  in  causing  bursal 
inhibition. 

19-nortestosterone  had  more  activity  when  applied  to  the  shell  in  oil 
.solution  than  when  injected  into  the  albumin.  When  applied  in  this  man¬ 
ner  the  thymus  and  spleen  were  also  substantially  reduced  in  size  (Table  2). 

DISCUSSION 

On  the  basis  of  the  quantitative  data  obtained,  the  relative  potency  of 
the  most  potent  steroids  in  causing  bursal  inhibition  can  be  arranged  in 
terms  of  decreasing  acth  ity  as  follows:  1)  dihydrotestosterone,  2)  andro¬ 
sterone,  androstane-3,17-dione,  3)  19-nortestosterone,  methylandrostene¬ 
diol,  testosterone-cyclo-pentyl-propionate,  and  4)  testosterone. 
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It  became  of  interest  to  correlate  relative  bursal  inhibitory  capacity 
with  the  molecular  structure  of  the  androgenic  steroids  studied.  We  are 
fully  aware,  however,  that  the  interpretations  derived  can  oidy  be  ten¬ 
tative,  because  of  the  small  number  of  compounds  tested.  Dihydrotesto- 
.sterone,  the  most  potent  of  the  compounds,  has  the  following  character¬ 
istics:  a)  3-keto  group,  b)  fully  saturated  steroid  nucleus,  c)  17-hydroxyl 
group,  and  d)  IS  and  19  methyl  groups.  Androstane-.‘l,17-dione  has  the 
same  characteristics,  except  a  17-keto  group  replaces  the  17-hydroxyl 
group.  Androsterone,  likewi.se,  has  a  S-alpha-hydroxyl  group  instead  of  a 
S-keto  group.  Since  the.se  compounds  are  le.ss  active,  the  S-keto  and  17- 
hydroxyl  configurations  seem  to  be  important. 

The  compounds  in  the  next  group,  which  include  methylandrostene- 
diol,  19-nortestosteronc  and  testosterone-cyclo-pentyl-propionate,  all  pos- 
se.ss  an  un.saturated  steroid  nucleus.  This  is  also  true  of  the  remainder  of 
the  compounds  with  the  exception  of  andro.stane-17-one.  This  fact  sug¬ 
gests  that  a  reduction  of  the  steroid  nucleus  leads  to  greater  activity.  A 
compari.son  of  the  structures  and  activities  of  androstane-8,17-dione  and 
A^-androstene-o,17-dione  and  of  androsterone  and  dehydroepiandrosterone 
bears  this  out  (Tables  1,  2).  Jedeikin  and  White  (o),  however,  state  that 
reduction  of  ring  A  did  not  alter  gluco.se  oxidation,  oxygen  consumption 
and  protein  and  nucleic  acid  .synthesis  of  lymphocytes  in  vitro  and  in  vivo. 

Te.stosterone  and  lO-nortestosterone  differ  from  one  another  only  by  the 
ab.sence  of  the  19-methyl  group  in  the  latter,  which  is  a.ssociated  with  an 
increa.se  in  activity.  Similar  results  were  obtained  by  White  ((>)  when 
the.se  steroids  were  added  in  vitro  to  thymic  lymphocyte  .suspen.sions.  A 
greater  iidiibition  of  endogenous  respiration,  oxygen  consumption  and 
gluco.se  oxidation  was  obtained  with  19-nortestosterone. 

Preliminary  re.sults  using  Xilevar  (17-ethyl-19-norte.stosterone)  indicate 
that  it  is  considerably  more  potent  than  dihydrote.sto.sterone  as  a  bur.sal 
inhibitor.  Fifty  /ug  Xilevar  resulted  in  complete  bur.sal  inhibition  and  1 
/Ltg  was  sufficient  to  reduce  it  approximately  50%.  It  is  interesting  to  note 
that  Fdgren  ct  al.  (7)  found  estrogen  antagonistic  potency  to  be  enhanced 
by  an  ethyl  group  at  position  17  of  19-norte.sto.sterone.  The  17-ethyl  group 
thus  tends  to  augment  the  activity  of  the  compound  as  an  estrogen  antag¬ 
onist  and  as  a  bursal  inhibitor. 

Perhaps  the  bursal  inhibitory  potency  of  these  steroids  depends  upon 
their  metabolism  in  the  embryo.  The  degree  of  activity  may  be  dependent 
upon  the  relative  amount  of  each  steroid  that  is  metabolized  to  a  more 
potent  analogue. 

The  reason  for  the  greater  activity  of  19-nortestosterone  when  applied 
to  the  shell  is  not  known.  One  assumption,  which  seems  reasonable,  is 
that  when  the  hormone  is  injected  it  remains  in  one  or  several  drops  in 
the  albumin,  thus  limiting  the  contact  between  albumin  and  hormone  to 
a  relatively  small  surface.  When  applied  to  the  shell  the  contact  area 
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would  1)6  greater  and  more  hormone  could  thus  become  available  to  the 
embryo. 
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RENAL  EXCRETION  OF  PROTEIN  IN  ADRENALEC- 
TOMIZED  DOGS  TREATED  WITH  VARIOUS 
ADRENAL  CORTICAL  HORMONES' 


ROBERT  D.  COYE  and  JAMES  DONKLE 

Department  of  Pathology,  University  of  Wisconsin  Medical  School, 

Madison,  Wisconsin 

ABSTRACT 

The  excretion  of  urinary  protein  was  studied  in  four  adrenalectomized  dogs 
given  different  types  and  levels  of  adrenal  cortical  hormone  replacement. 
Distinctive  changes  in  the  levels  of  serum  proteins  as  well  as  changes  in  serum 
electrolytes  were  associated  with  only  minor  alterations  in  the  rate  of  urine 
protein  excretion.  An  increase  in  the  clearance  of  globulins  during  the  period  of 
high  cortisone  dosage  was  noted.  This  was  due  to  diminished  serum  concentra¬ 
tions  of  this  fraction  while  the  excretion  rate  remained  constant.  These  data 
suggest  that  the  adrenal  cortical  hormones  play  a  minor  role  in  the  regulation 
of  renal  protein  excretion  by  the  normal  dog. 

The  rate  of  excretion  of  protein  by  the  kidney  is  influenced  in  certain 
instances  by  the  level  of  the  adrenal  hormones.  Addis  (1)  demon¬ 
strated  that  adrenalectomy  reduced  the  proteinuria  in  normal  rats,  and 
that  the  proteinuria  was  restored  to  its  previous  level  by  treatment  with 
cortical  hormones.  Similarly,  the  proteinuria  resulting  from  renin  adminis¬ 
tration  in  rats  could  be  abolished  by  adrenalectomy  and  restored  with 
ACE,  DCA,  or  Compound  E.  ACTH  has  been  shown  to  augment  both 
the  normal  protein  excretion  by  the  rat  and  also  the  proteinuria  following 
renin  administration  (2).  Adrenalectomized  rats  given  nephrotoxic  serum 
excrete  significantly  less  protein  than  their  non-adrenalectomized  controls 
(J).  These  experiments  suggest  a  permissive  effect  of  the  hormone  in  rats. 
The  association  of  “stress”  situations  such  as  fever  with  increased  urine 
protein  excretion  is  well  known,  and  suggests  a  possible  adrenal  relation¬ 
ship.  The  successful  use  of  adrenal  cortical  hormones  in  the  nephrotic 
syndrome  is  evidence  of  an  opposite  effect  of  these  hormones  on  the  excre¬ 
tion  of  urine  protein.  The  nature  of  the  effect  of  these  hormones  is  not 
understood,  and  whether  it  is  of  significance  in  animals  other  than  rats 
which  normally  exhibit  a  degree  of  proteinuria  as  well  as  sex  variation  in 
protein  excretion  not  seen  in  other  mammals  is  open  to  question.  Altera¬ 
tions  of  the  serum  protein  levels  such  as  the  elevation  of  the  serum  alpha 
globulin  following  cortisone  administration  (4)  might  be  of  importance. 

Received  August  11,  1960. 
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The  present  study  was  designed  to  assess  the  possible  elTeet  of  adrenal 
cortical  hormones  on  urine  protein  excretion  in  dogs. 

MATERIALS  AND  METHODS 

Four  adult  male  mongrel  dogs  weighing  from  13  to  15  kg.  were  adnuialeetomized  as 
follows.  Food  and  water  were  withheld  12  hours  before  operation.  The  dogs  were  an¬ 
esthetized  with  oxygen  and  ether  after  premedication  with  15  mg. /'kg.  of  nembutal  and 
0.4  mg.  atropine  sulphate.  A  generous  midline  laparatomy  incision  provided  adequate* 
exposure  of  the  adrenals  which  were  resected  by  blunt  and  sharp  dissection.  Following 
resection  of  the  left  gland,  5.0  mg.  of  DC.\  and  50  mg.  of  hydrocortisone  were  admin¬ 
istered,  and  following  resection  of  the  right  gland  125  ml.  of  warm  saline  with  5% 
dextrose  and  .500,000  u.  of  penicillin  were  administered.  The  dogs  were  given  5  mg.  D('A 
and  from  20  to  30  mg.  of  hydrocortisone  per  day  for  the  first  five  days  post-operative. 
From  the  5th  to  the  15th  post-operative  days  they  received  no  cortisone  and  the  dose 
of  I)C.\  was  gradually  reduced  to  1-1.5  mg. /day.  A  period  of  several  days  with  no  re- 
l)lacement  drug  produced  obvious  signs  of  adrenal  cortical  insufficiency  including  w«ak- 
ness,  anorexia  and  high  serum  potassium  values.  Following  the  withdrawal  period  the 
dogs  were  maintained  on  1-1 .5  mg.  1)C.\ /day  and  appeared  strong  and  healthy.  The  diet 
consisted  of  standard  kennel  rations  and  tap  water  ad  lib.  The  experimental  periods  began 
2fi-.59  days  following  adrenalectomy,  at  which  time  the  operative  wounds  were  com- 
jdetely  healed.  The  dogs  were  studied  in  pairs  during  successive  35  day  periods  as  fol¬ 
lows:  7  days  of  DCA  1.0  mg.  (lay,  7  days  with  no  replacement  drug,  receiving  only 
.500-1000  ml.  of  intraperitoneal  salt  solution  as  described  by  Grollman  (5),  4  days  of 
cortisone  2.5  mg. /kg.  day,  5  days  of  cortisone  10  mg.  kg./ day,  and  12  days  on  the  con¬ 
trol  DCA  dosage  of  1.0  mg. /day.  During  these  periods,  the  following  measurements  were 
made:  body  weight,  rectal  temperature,  24  hour  urine  volume,  urine  specific  gravity, 
total  urine  and  serum  protein,  serum  potassium  and  sodium,  and  hematocrit.  Total 
serum  protein  was  determined  by  the  micro- Kjeldahl  method.  .Micpiots  of  the  24  hour 
urine  collections  were  filtered,  dialysed  against  running  tap  water,  lyoi)hilized  and  tlu* 
resulting  powder  used  for  total  urine  protein  determination  by  the  Lowry  method  (fi) 
and  for  fractionation  by  filter  paper  electrophoresis  in  a  Durrum  type  cell,  d'he  strips 
were  staiiu'd  with  brom  phenol  blue  and  scaniu'd  with  a  Spinco  .Vnalytrol.  Serum  pro¬ 
teins  were  fractionated  by  the  same  technique.  Serum  protein  cl(*arances  were  calculated 
by  dividing  the  24  hour  urine  protein  value  by  the  serum  concentration  of  the  corre¬ 
sponding  electrophoretic  fraction. 


RESULTS 

Tlie  effects  of  tlie  various  substances  are  suininarized  for  each  do^  in 
Table  1 . 

D('A  1.0  mg.  day: 

During  this  period  the  dogs  were  clinically  well.  The  results  for  Na  K 
TSP  and  urine  protein  excretion  as  given  in  Table  1  compare  well  with 
values  obtained  in  this  laboratory  from  normal  dogs  as  shown  in  Table  2. 
Dog  D  was  .slightly  hypoproteinemic. 

Salt  solution  only: 

During  this  period  the  dogs’  weights  fell  from  0.5  to  1.0  kg.  and  the 
hematocrit  increa.sed  in  all  but  dog  D  which  had  a  relatively  high  value 
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Table  1.  Experimental  data  on  foi’r  adrexalectomized  doos  on 

VARIOI  S  REPLACEMENT  REOIMENS 


D(« 

PeritKl 

WKt. 

kR. 

Hct 

Serum 
meq.  1. 

Serum 
protein 
gm. ' 
100  ml. 

Serum 

Rm.  100  ml. 

24  Hr. 
urine 
vol. 
mi. 

Urine 

specific 

grav¬ 

ity 

Urine 
pro¬ 
tein 
mg.  hr. 

Urine 
mg.  hr. 

(’learance 
ml.  serum  hr. 

Na 

K 

A 

G 

A 

G 

A 

G 

A 

DC’A 

1  rnK.Mav 

13.0 

52 

146 

5.1 

5.5 

2.9 

2.6 

4.30 

1.025 

3.5 

0.3 

3.2 

.oil 

.122 

Salt  r.P. 

12.5 

02 

144 

6.1 

6.1 

3.05 

3.05 

935 

1.014 

4.1 

0.7 

3.4 

.022 

.112 

Ix)w  cortisone 

II. 3 

70 

1.30 

6.6 

8.3 

4.3 

4.0 

200 

1.030 

3.0 

0.5 

2.5 

.016 

.05s 

Hish  cortisone 

10.8 

58 

138 

6.1 

6.6 

4.4 

2.2 

613 

1.020 

3.1 

0.3 

2.8 

.006 

.128 

D(\A 

1  nif(.  day 

12.3 

SO 

144 

3.9 

5.0 

3.4 

1.6 

630 

1.022 

3.9 

0.1 

3.8 

.004 

.235 

B 

DCA 

1  iiitt.  day 

14.0 

53 

147 

4.5 

5.5 

3.4 

2.1 

270 

1.013 

2.3 

0.5 

1.8 

.016 

.084 

.Salt  I.P. 

13.0 

84 

142 

6.8 

6.6 

3.5 

3.1 

1090 

1.017 

4.3 

0.7 

3.6 

.025 

.116 

I.cOw  cortisone 

12.1 

(W 

133 

5.7 

8.2 

3.9 

4.3 

633 

1.018 

2.9 

0.5 

2.4 

.012 

.Oofi 

Hi*h  cortisone 

12.8 

51 

144 

5.0 

6.3 

4.5 

1.8 

1313 

1.012 

3.1 

1.4 

1.7 

.031 

.095 

DCA 

1  mg.  day 

12.8 

60 

147 

5.4 

6.6 

4.7 

1.9 

1050 

1.012 

4.3 

1.8 

2.5 

.037 

.131 

C 

DCA 

1  mg.  day 

13.0 

53 

157 

4.2 

6.1 

3.7 

2.4 

560 

1.025 

4.1 

0.4 

3.7 

.010 

.153 

Salt  I.P. 

12.2 

6;{ 

139 

6.3 

6.4 

3.7 

2.7 

1137 

1.020 

4.7 

0.4 

4.3 

.011 

.161 

liOw  cortisone 

111 

72 

134 

6.6 

5.6 

3.2 

2.4 

510 

1.027 

5.5 

0.5 

5.0 

.016 

.205 

High  cortisone 

11.3 

57 

138 

4.8 

6.5 

4.6 

1.9 

917 

1.019 

6.2 

0.6 

5.6 

.012 

.304 

DCA 

1  mg.  day 

13.0 

52 

156 

5.2 

6.3 

3.4 

2.9 

1015 

1.024 

7.0 

0.6 

6.4 

.019 

.222 

D 

DCA 

1  mg.  day 

15.0 

61 

150 

5.1 

5.0 

2.2 

2.8 

530 

1.025 

6.9 

1.6 

5.3 

.072 

.190 

Salt  I.P. 

14.1 

60 

150 

6.3 

5.6 

2.5 

3.1 

1250 

1.014 

5.8 

0.5 

5.3 

.022 

.170 

lx>w  cortisone 

12.7 

69 

137 

7.2 

6.4 

4.1 

2.3 

1150 

1.015 

6.2 

0.1 

6.1 

.002 

.212 

Hish  cortisone 

13.3 

55 

138 

5.9 

4.5 

2.8 

1.7 

790 

1.019 

6.1 

0.5 

5.6 

.019 

.3.35 

D('A 

1  rng.  day 

14.0 

53 

158 

5.4 

4.5 

2.9 

1.6 

280 

1.040 

3.2 

0.7 

2.5 

.026 

.153 

Averages  of  data  for  several  days  are  used  for  each  period  except  the  low  cortisone  period.  The  values  (pven  in  this  period  are  for  day  4. 


(luring  the  preceding  period.  Serum  sodium  values  fell  slightly  in  3  dogs  and 
showed  no  change  in  one;  the  potassium  values  increased  over  our  normal 
values  in  all  dogs.  The  serum  protein  values  increased  slightly  with  hemo- 
concentration,  hut  there  was  no  significant  change  in  urine  protein  excre¬ 
tion,  in  the  composition  of  the  urine  protein  or  in  the  clearance  of  .serum 
albumin  or  globulin.  A.s.sociated  with  the  intra peritoneal  fluid  administra¬ 
tion  there  was  an  increase  in  urine  volume  in  all  dogs  and  a  decrea.se  in 
.specific  gravity  of  the  urine  in  three. 

Cortisone  2.5  mg.  kg.  day: 

During  this  period  of  relative  hormone  in.sufficiency  the  body  weight  of 
all  four  dogs  continued  to  decrease,  and  the  hematocrit  continued  to  rise 
in  three  dogs,  remaining  stable  but  still  elevated  in  dog  B.  Sodium  levels 
continued  to  fall  in  all  dogs,  and  potassium  levels  increased  in  three.  Dog  H 
showed  a  decrease  in  the  average  potas.sium  value  for  this  period  (.5.7 


Table  2.  Valce.s  for  Xa,  K,  total  seri  m  protein  and  trine 
PROTEIN  exc  retion  OBTAINED  IN  NORMAL  DOOS 


.\vpriig(‘ 

Range* 

Xiimher  of  dogs 

Xa  in.ecl./l. 

153 

144  -100 

12 

K  in.pcj./l. 

5.0 

3.8-  5.8 

12 

TSP  KPi./lOO  ml. 

(i.O 

5.3-  7.5 

13 

rriiip  protein  nig. /hr. 

3.0 

0.5-  8.0 

15 
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m.ecj.  1.)  as  compared  with  the  previous  period  (h.S  m.eq.  1.),  l)ut  showed 
a  very  liigh  value  (7.7  m.ecp  1.)  early  iu  the  period.  No  e.xplauatiou  for  the 
simultaneous  decrease  in  potassium  and  sodium  values  is  apparent.  The 
serum  protein  values  increased  in  three  dogs  and  showed  a  slight  fall  in 
dog  C.  There  was  no  change  in  the  excretion  of  urinary  protein,  its  com¬ 
position  or  the  clearance  of  serum  albumin  and  globulin. 

('ortisone  10  mg.  kg.,  day: 

With  this  overdose  of  cortisone,  three  of  four  dogs  gained  weight,  and 
all  showed  appreciable  decreases  in  hematocrit  values.  The  sodium  levels 
increased  and  potassium  levels  decreased  in  all  dogs.  In  three  dogs  the 
serum  protein  levels  decreased,  dog  I)  showing  a  decrease  below  the 
initially  low  serum  protein  value.  Dog  C  showed  an  increase  from  .').() 
gm.  100  ml.  during  the  low  cortisone  period  to  0..5  gm.  100  ml.  during  the 
high  cortisone  period.  This  was  due  to  a  large  increase  in  the  concentration 
of  serum  albumin  during  this  period.  Two  other  dogs  showed  increases  in 
serum  albumin  (Fig.  1)  and  all  showed  .significant  decreases  in  serum 

CORTISONE  lOMG 
PER  KG  PER  DAY  — 


DC  A  I  MG  PER  DAY 


Fig.  1.  P^loctrophorctic  patterns  of  serum  jirotein  from  four  adrenalectomized  doss 
reeeiving  1  mg.  per  day  DCA  and  10  mg.,  kg.  day  of  eortisone.  Note  alpha  globulin 
elevation  and  relative  decrease  in  globulins  in  high  eortisone  period. 
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globulin.  The  previously  described  elevation  of  serum  alpha  globulin  was 
noted  (Fig.  1),  but  was  relatively  small  compared  to  the  decrease  in  the 
total  globulin  concentration.  The  increa.sed  .serum  alpha  globulin  was  not 
associated  with  an  increase  in  the  urinary  excretion  of  this  fraction.  Uri¬ 
nary  excretion  of  albumin  and  globulin  was  e.s.sentially  unchanged.  The 
clearance  of  globulin  was  elevated  in  all  dogs  due  to  the  decreased  serum 
concentration  of  this  fraction. 

DC  A  1.0  mg.  day: 

During  this  period  the  body  weights  of  all  four  dogs  increased  to  approxi¬ 
mate  the  values  of  the  previous  DUA  period.  Serum  sodium  continued  to 
increase  in  all  dogs  to  reach  novinal  le  -  els.  The  pota.ssium  level  decreased 
in  dog  A  to  normal  levels  and  in  the  other  three  fluctuated  within  the 
normal  range.  The  total  serum  protein  concentrations  showed  little  change. 
Serum  albumin  concentrations  remained  high  compared  to  the  initial  DCA 
period  in  three  dogs,  and  the  serum  globulin  values  remained  low  in  the 
.same  three  dogs.  Urine  protein  excretion  values  were  essentially  unchanged 
in  three  dogs;  in  dog  D  there  was  a  fall  from  6.1  to  3.2  mg.  hr.  which  may 
have  been  a  delayed  response  to  the  abnormally  low  serum  protein  levels. 
Clearances  of  serum  albumin  and  serum  globulin  were  not  conspicuously 
altered. 

DISCUSSION 

In  spite  of  wide  variations  in  the  serum  levels  of  proteins  and  electrolytes 
induced  by  different  types  and  levels  of  hormone  replacement,  the  adre- 
nalectomized  dogs  in  this  .series  showed  only  minor  alterations  in  renal 
excretion  of  protein.  Although  there  were  high  concentrations  of  serum 
protein  as.sociated  with  hemoconcentration  during  the  .salt  and  low  corti¬ 
sone  regimens,  there  was  no  .significant  increase  in  protein  excretion.  The 
previously  described  elevation  of  the  serum  alpha  2  globulins  was  noted 
during  the  high  cortisone  period.  There  was  no  accompanying  elevation  in 
the  urinary  excretion  of  this  fraction  as  is  observed  or  noted  in  dogs  with 
sterile  ab.sce.s.ses  (7).  This  suggests  that  alpha  globulinuria  is  dependent  on 
a  renal  abnormality  as  well  as  increa.sed  amounts  of  these  small  molecules 
in  the  serum.  There  was  an  increase  in  the  clearance  of  globulins  during  the 
high  cortisone  period,  but  this  was  due  to  constant  urine  excretion  of  the 
fraction  despite  a  diminishing  serum  level.  It  appears  clear  from  these 
results  that  the  ab.sence  of  the  adrenal  cortical  hormones  does  not  impair 
the  dog  kidney’s  ability  to  retain  protein  nor  does  a  very  high  do.se  of 
cortisone  .significantly  decrea.se  the  excretion  of  protein.  These  results 
imply  that  in  the  normal  dog  the  adrenal  cortical  hormones  play  an  insig¬ 
nificant  role  in  controlling  the  amount  of  protein  excreted  by  the  kidney, 
and  that  the  proteinuria  noted  in  some  “stre.ss”  situations  is  not  the  effect 
of  adrenal  cortical  respon.se  alone. 
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THE  SIGNIFICANCE  OF  THE  ANTIDIURETIC  HORMONE 
IN  THE  RELEASE  MECHANISM  OF  CORTK’OTROPIN 


I).  DE  WILD 

with  the  technical  assistance  of 
.1.  Melchior,  Tineke  Wiegman  and  J.  Ch.  va\  Boon* 

I)f  pnrtment  of  Pharmacology,  Vnirersity  of  Groningen,  The  Xetherlands 

ABSTRACT 

In  posterior  lobeetomized  rats  the  antidiuretic  response  to  hemorrhage, 
histamine  injection  and  a  painful  stimulus  is  markedly  depressed.  Exposure  of 
such  animals  to  “systemic”  stress  such  as  hemorrhage  under  ether  anesthesia, 
histamine  and  nicotine  injection  elicits  an  increa.se  in  plasma  free  corticosterone 
levels  similar  to  that  found  in  sham  operated  controls.  The  increment  in  plasma 
free  corticosterone  following  “neurogenic”  stress  such  as  strange  environment, 
sound  and  pain  is  significantly  reduced.  .\  distinct  adrenal  hypertrophy  is  found 
in  post(‘rior  lobeetomized  rats.  However,  the  sensitiviU’  of  these  adrenals  is 
similar  to  that  of  sham  operated  controls. 

Treatment  of  posterior  lobeetomized  rats  with  1  unit  of  Pitressin  tannate 
for  5  consecutive  days  decreases  water  intake  to  that  of  intact  controls,  induces 
the  accumulation  of  neurosecretory  material  in  the  infuiulibular  stem,  nor¬ 
malizes  adrenal  weight  and  simultaneously  restores  pituitary  response  to 
neurogenic  stimuli  in  posterior  lobeetomized  rats.  In  dehy  drated  intact  rats, 
in  which  the  posterior  lobe  was  completely  depleted  of  neurosecretory  material 
the  effect  of  strange  environment  and  of  sound  on  plasma  free  corticosterone 
levels  is  also  markedly  diminished,  whereas  the  effect  of  hemorrhage  under 
ether  anesthesia  and  the  injection  of  nicotine  equals  that  of  control  rats. 

It  is  suggested  that  the  antidiuretic  hormone  is  involved  in  the  corticotropic 
effect  of  neurogenic  stimuli. 

IT  IS  generally  acknowledged  that  the  activation  of  the  hypothalamu.s  is 
es.sential  for  the  stimulation  of  the  anterior  pituitary  gland  and  the 
subsequent  discharge  of  its  hormones  into  the  general  circulation. 

Green  and  Harris  (1)  postulated  that  the  hypothalamus  must  secrete  an 
agent  or  agents  which  are  transported  to  the  adenohypophysis  through  the 
liypophy.seal  portal  veins,  which  carry  the  blood  directly  from  the  hypo¬ 
thalamus  to  the  anterior  pituitary. 

The  nature  of  the  neurohormonal  agent  responsible  for  the  release  of 
corticotropin  (ACTH)  from  the  adenohypophy.sis  is  still  unknown.  A  great 
deal  of  evidence  has  been  pre.sented  that  a  peptide  closely  related  to  those 
found  in  the  posterior  pituitary  is  the  .specific  corticotropin  relea.sing  factor 
(CHF).  Several  authors  have  purified  a  substance  from  hypothalamic  or 
neurohypophy.seal  ti.s.sue,  which  exhibits  minor  pre.ssor,  antidiuretic  and 
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oxytocic  properties,  but  which  is  highly  capal)le  of  stimulating  the  dis¬ 
charge  of  ACTH  under  conditions  known  to  prevent  the  nonspecific  ac¬ 
tivation  of  the  adenohypophysis  (2,  d,  4,  o). 

However,  exposure  of  animals  to  noxious  stimuli,  such  as  severe  exercise, 
anesthesia,  surgical  trauma,  hemorrhage,  pain,  noise,  histamine  injection 
and  strange  environment  results  in  a  marked  antidiuretic  response  ((),  7,  S) 
and  an  increase  in  the  antidiuretic  (9,  10,  11,  12)  and  adrenocorticotropic 
activities  (18,  14)  of  the  blood. 

The  close  association  between  the  antidiuretic  and  adrenocorticotropic 
responses  to  noxious  stimuli  led  to  the  postulate  that  the  antidiuretic  hor¬ 
mone  (ADH)  is  involved  in  the  release  mechanism  of  ACTH  (S,  lo).  In 
support  of  this  hypothesis  is  the  rapidity  with  which  ADH  is  released  into 
the  circulation  of  animals  exposed  to  noxious  stimuli  (7,  S)  and  the  effec¬ 
tiveness  with  which  exogenous  ADH  induces  the  release  of  ACTH  from  the 
adenohypophysis  in  rats  with  hypothalamic  lesions  which  prevent  the 
stress-induced  discharge  of  ACTH  (10,  17). 

This  report  describes  studies  on  the  release  of  ACTH  from  the  anterior 
pituitary  in  rats  in  which  the  antidiuretic  hormone  content  of  the  hypo- 
thalamic-neurohypophyseal  system  was  varied  by  the  removal  of  the  poste¬ 
rior  lobe,  the  injection  of  a  long  acting  vasopre.ssin  preparation  into  poste¬ 
rior  lobectomized  rats  and  by  dehydration  of  intact  animals. 

MATERI.\LS  A\D  METHODS 

In  all  experiments  male  rats  weighing  from  120-180  grams  were  used.  C'omplete 
hyi)oj)hysectomy  and  posterior  lobeetomy  were  performc'd  via  the  parapharyngeal 
route.  The  posterior  lobectomized  animals  were  treati'd  with  streptomvcine  during  4 
days  following  the  operation  to  eliminate  infection  of  the  adenohypophysis  and  used 
bi'tween  7  and  10  days  after  surgery.  The  pituitary  gland  was  inspected  macroscopically 
for  completeness  of  the  posterior  lobe  removal  and  for  possible  damage  to  the  adeno¬ 
hypophysis.  Sham  operation  was  performed  by  exposing  the  base  of  the  skull  without 
further  manipulation. 

In  order  to  investigate*  the  ability  of  the  post(*rior  lobectomized  rat  to  release  ADH, 
the  discharge  of  the  hormone  was  measured  under  different  experimental  conditions  and 
com])ared  to  that  of  sham  operated  controls,  .\ntidiuretic  activity  of  plasma  was  de¬ 
termined  in  the  alcohol  anesthetiz(*d  rat  (12).  The  antidiuretic  activity  of  the  plasma 
was  expressed  in  terms  of  mu.  Pitressin  per  100  ml.  Rats  were  anesthetized  with  .3  mg. 
sodium  pentobarbital  per  100  gm.  of  body  weight  injected  intrai)eritoneally.  .Vs  sof)n 
as  anesthesia  became  manifest,  the  animals  were  inject('d  intravenously  with  200  units 
of  Heparine  per  100  gm.  of  body  weight.  .Vfter  exposure  and  cleaning  of  the  right  com¬ 
mon  carotid  artery  over  approximately  1  cm.,  two  ligatures  were  jilaced  around  this 
blood  vessel  of  which  the  distal  one  was  tied.  Hy  pulling  and  releasing  the  proximal 
ligature,  the  free  flowing  blood  was  obtained  via  an  incision  made  betw(*en  the  two 
ligatures.  In  this  way  approximately  five  times  I  cc.  f)f  blood  was  withdrawn  in  about 
90  .seconds. 

Since  the  first  cc.  of  carotid  blood  contained  only  negligible  amounts  of  ADH,  the 
effect  of  5  mg.  of  histamine  phosphate  per  100  gm.  of  bod\'  weight  on  antidiuretic  po¬ 
tency  of  the  first  ml.  of  carotid  blood  was  asse.ssed  15  minutes  after  the  iiitraperitoneal 
administration  of  the  drug. 
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In  order  to  study  the  antidiuretic  effect  of  a  neurogenic  stimulus,  non-anesthetized 
rats  were  used.  'I'he  effect  of  pain  on  the  urine  flow  of  hydrated  rats  was  studic'd  before 
and  after  application  of  the  stress  (11).  Fasted  rats  were  hydrated  by  stomach  tube  with 
5  ml.  of  a  0.2%  saline  solution  per  100  gm.  of  body  weight.  This  volume  was  given  twice, 
one  hour  apart.  The  animals  were  placed  separately  in  metabolic  cages  and  the  urine 
excretion  was  collected  following  the  last  gavage  every  20  minutes  during  one  hour. 
The  animals  were  handled  and  prodded  just  prior  to  each  measurement  of  urine  volume 
in  order  to  ensure  the  emptying  of  their  bladders. 

The  pain  stimulus  was  produced  by  a  two-minute  period  of  mild  eleetric  shocks  to 
the  feet  through  a  grid  which  replaced  the  flof)r  of  the  metabolic  cage.  The  stimulus  was 
applied  at  20  and  40  minutes  following  the  second  gavage. 

To  study  the  release  of  .\CTH  from  the  adenohj  pophysis,  “systemic”  and  “neuro¬ 
genic”  stimuli  were  emploj’ed. 

Systemic  stress:  The  intraperitoneal  injection  of  either  1  mg.  of  histamine  phosphate 
per  100  gm.  of  body  weight  or  of  0.3  mg.  nicotine  tartrate  per  100  grn.  of  body  weight 
were  used  as  “stressful”  stimuli.  The  treated  animals  were  deeapitated  30  minutes  fol¬ 
lowing  the  injection  of  these  substances.  These  experiments  were  performed  in  rats  con¬ 
ditioned  to  treatment  of  intraperitoneal  injection.  Hemorrhage  was  employed  as  the 
stre.ss  in  a  final  group  of  rats  by  bleeding  them  to  death  from  the  exposed  carotid  artery 
while  the}-  were  anesthetized  with  ether  for  approximately  10  minutes. 

Xeurogenic  stress:  .\nimals  subjected  to  handling  and  environmental  change  were 
used.  ,\fter  they  had  been  placed  in  a  cage,  they  were  brought  from  the  rat  room  to  the 
operating  room  and  subjected  for  at  least  15  minutes  to  a  strange  environment  (smell 
of  blood  and  anesthetics,  noise  of  animals  and  instruments,  etc.).  They  were  sacrificed 
by  decapitation.  Further,  a  group  of  animals  was  placed  in  an  empty  aquarium  and  were 
exposed  to  sound  which  was  produced  intermittently  by  a  buzzer  during  30  minutes. 
Then  they  were  decapitated,  .\nother  group  of  animals  was  subjected  to  pain  by  a  2- 
minute  period  of  mild  electric  shocks  to  the  feet.  This  group  was  decapitated  15  minutes 
after  application  of  the  stress. 

As  mentioned  above,  plasma  free  corticosterone  was  measured  at  15  or  30  minutes 
following  application  of  the  stimulus.  This  was  done  because  preliminary  experiments 
had  shown  that  the  maximal  corticoid  response  following  the  respective  noxious  stimuli 
occurred  at  these  time  intervals. 

Control  rats  were  obtained  by  taking  only  two  rats  from  a  eage  containing  ap¬ 
proximately  20  animals.  These  two  rats  were  killed  by  decapitation  within  30  seconds 
after  removal  from  the  eage.  It  was  assumed  that  this  rapid  procedure  reduced  the 
pituitary  response  of  handling  to  a  minimum. 

To  assess  adrenocortical  activity,  blood  was  colle<-ted  from  the  trunk  into  heparinized 
gla.ss  tubes  and  plasma  free  corticosterone  content  was  determined  according  to  the 
method  of  Van  der  Vies  et  al.  (18). 


RESULTS 

The  re.sult  of  the  extirpation  of  the  po.sterior  lobe  is  .shown  in  Figure  1. 
The  pituitary  stalk  shows  the  effect  of  the  operative  trauma  and  contains 
small  but  supranormal  amounts  of  neurosecretory  material,  located  mainly 
at  the  periphery  of  the  cut  stalk. 

As  can  be  .seen  in  Figure  2,  the  plasma  of  the  first  cc.  of  carotid  blood  of 
intact  rats  contains  approximately  10  mu.,  whereas  the  fifth  cc.  possesses 
about  9  times  more  antidiuretic  potency  per  100  cc.  of  plasma.  Thus, 
hemorrhage  cau.ses  a  sharp  increa.se  in  antidiuretic  potency  of  carotid  blood 
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Eig.  1  Pituitary  stalk  of  posterior  lobeetomized  rat  (7  days  i)ostop.).  liffect  of  opera¬ 
tive  trauma  elearly  visible.  Hyp  hypothalamus;  men  meningeal  tissue  at  skull  base. 
Rouin,  12ju,  ehrome-alum  hematoxylin  (27)  without  eounterstain,  140  X. 

Figure  4  .show.s  the  effect  of  a  painful  .stimulu.s  on  the  urine  flow  of  intact 
and  po.sterior  lobeetomized  rats.  In  the  intact  rats  urine  excretion  .signifi¬ 
cantly  declined  in  animals  expo.sed  to  the  stimulus.  The  antidiuretic  re¬ 
sponse  to  pain  in  posterior  lobeetomized  rats  was  far  le.ss  than  in  the  intact 
controls.  Only  after  application  of  the  pain  for  the  .second  time  a  small  but 
significant  antidiuresis  occurred. 

Sub.sequently,  the  effect  of  .sy.stemic  and  neurogenic  stre.ss  was  studied 
on  the  plasma  free  corticosterone  levels  of  sham  operated  and  posterior 
lobeetomized  rats.  Figure  o  depicts  the  results. 

Sham  operated  and  po.sterior  lobeetomized  rats  which  were  handled  very 
carefully  in  the  rat  room  .served  as  controls.  The  plasma  free  corticosterone 
level  of  the.se  two  groups  were  similar.  Strange  environment  caused  a  con- 
.siderable  increase  in  plasma  cortico.sterone  in  the  intact  animals.  In  con¬ 
trast,  the  .same  stimulus  induced  only  a  moderate  but  significant  rise  in  the 


in  intact  rats.  In  contrast,  posterior  lobeetomized  rats  failed  to  respond  to 
the  stimulus  of  hemorrhage  with  an  increase  in  the  antidiuretic  activity  of 
carotid  blood  plasma. 

Sub.sequently,  the  effect  of  an  intraperitoneal  injection  of  o  mg.  hista¬ 
mine  phosphate  on  plasma  antidiuretic  activity  of  the  first  cc.  of  carotid 
blood  was  determined  in  normal  and  posterior  lobeetomized  rats  15  min¬ 
utes  after  the  administration  of  the  stimulus  (Fig.  ff).  Whereas  the  plasma 
antidiuretic  potency  increased  following  histamine  injection  in  intact  rats, 
this  increment  in  activity  was  absent  in  posterior  lobeetomized  animals. 
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?'iG.  2.  Effect  of  haeniorrhasc  on  anti- 
(liurctic  potency  of  carotid  blood.  Each 
bar  rci)rcscnts  mean  of  7  rats  (mean  +  S.E.) 
expressed  in  terms  of  Pitressin. 


FIFTH  ML  OF  BLOOD 


plasma  corticosterone  content  of  the  posterior  lohectomized  rat.  Tlie  .same 
was  found  in  rats  subjected  to  .sound,  and  in  animals  .subjected  to  pain. 

In  contrast  to  the  foregoing,  the  effect  of  systemic  stress  was  not  dimin¬ 
ished  in  posterior  lobectomized  animals.  Thus,  in  a  group  of  rats  ane.s- 
thetized  with  ether  and  bled  to  death  from  the  exposed  carotid  artery,  tlie 
plasma  free  cortico.sterone  content  of  intact  and  neurohypophysectomized 
rats  following  this  procedure  ro.se  to  23.7  ±2.0  and  23.0+3.5  mK  per  100 
ml.  of  plasma  re.spectively.  The  intraperitoneal  injection  of  histamine 
phosphate  or  nicotine  tartrate  al.so  induced  similar  plasma  corticosterone 
levels  in  both  groups  of  animals. 

Sub.secpiently,  posterior  lobectomized  rats  were  injected  subcutaneously 
every  day  with  1  unit  of  a  long  acting  vasopressin  preparation,  Pitre.ssin 


lOO  •  mU  ADh/  100  ml  plasma 


Fig.  3.  Effect  of  intraperitoneal  injec¬ 
tion  of  5  mg.  histamine  phosphate  per  100 
grams  of  body  weight  and  of  saline  on  anti¬ 
diuretic  potency  of  first  ml.  of  carotid 
blood.  Each  bar  represents  mean  of  7  rats 
(mean±S.hi.)  expressed  in  terms  of  Pi¬ 
tressin. 
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tannate.*  This  treatment  adjusted  the  water  intake  of  these  rats  to  pre¬ 
operative  levels  (Fig.  (i).  Control  posterior  lohectomized  rats  received  0.1 
cc.  of  arachis  oil  during  the  same  time.  In  this  group  water  intake  remained 
high  during  the  time  studied. 

Histological  examination  of  the  infundibular  stem  in  both  groups  shows 
greater  amounts  of  neurosecretory  material  in  rats  treated  with  Pitressin 
tannate  (Figs.  7,  S). 


ml/ioo  gm  of  bdwt 


_  TREATED 
o _ o  CONTROLS 

Fig.  4.  Effect  of  posterior  lol)eetoniy  on  antidiuretie  response  to  mild  painful  stimuli. 
The  curves  represent  volumes  of  urine  excreted  at  20  minute  intervals  (mean+S.E.). 
At  times  designated  by  the  arrow,  one  group  of  rats  was  exposed  to  the  stimulus  ( •) 
while  the  other  ( o)  was  not. 

Subsequently,  the  effect  of  strange  environment  and  sound  on  plasma 
corticosterone  was  studied  in  normal  and  po.sterior  lohectomized  rats 
treated  with  arachis  oil  or  Pitressin  tannate.  Neither  arachis  oil,  nor  Pitre.s- 
sin  tannate  interfered  with  the  adrenocorticotropic  response  to  the  two 
stimuli  in  intact  rats  (Fig.  9).  In  posterior  lohectomized  animals,  treated 
with  arachis  oil,  the  effect  of  noxious  stimulation  was  markedly  depressed 
as  could  be  expected  from  the  foregoing  results.  However,  the  treatment 
with  Pitres.siri  tannate  for  5  days  resulted  in  a  nearly  complete  restoration 
of  the  adrenal  response  to  strange  environment  and  sound. 

Nowell  (19)  and  Smelik  (20)  both  reported  the  occurrence  of  adrenal 
hypertrophy  in  posterior  lohectomized  rats.  Table  1  summarizes  the  abso- 


*  I’arkc,  Davis  Co. 
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CONTROLS  environment  SOUND  CONTROLS  ENVIRONMENT  SOUND 


1 - 1  INTACT  Em  POSTERIOR  LOBECTOMIZED 

Fig.  9.  'I'lic  effect  (»f  iieurof;enie  stress  on  pliisma  free  eortieosterone  in  sham  operated 
ainl  posterior  loheetoinized  rats  treated  with  araehis  oil  (0.1  ee.  per  day)  or  Pitressin 
tannate  (1  Unit  jmt  day)  injected  suhcutaneouslj'  for  5  conseeutiv'c  days.  Fiach  har 
represents  mean  of  12-10  rats  (mean  ±.S.F.). 


T.\BI.E  1.  .VdkKN.M,  WKIfillT  OK  I’OSTKRUIR  LORKCTOMIZKII  .\.\I)  ok  intact  rats  treated 
WITH  ARACHIS  OIL  OR  I’lTRESSIX  TANNATE 


.Vrachis  oil 

Pitressin-tannate 

0.1  ml.  per  day 

1  unit  tier  day 

Intact 

:{().()  ±  1  ..i*  (8) 

00.2  ±0.9  (8) 

Posti'rior 

loheetoinized 

08. 8  ±1.8  (0) 

00.8 ± 1 .0 (9) 

*  .Mean  ±standar(l  error  of  thi'  mean. 

Xnmerals  in  iiarentheses  indicate  mimlier  of  animals  used. 


Table  2.  The  ekkect  ok  2  doses  ok  .\CT11  on  plasma  kree  cortico.sterone 
OK  posterior  lobecto.mized  and  sham-operated  rats  two 

IIOI  RS  AKTER  COMPLETE  II VPOPIIYSECTOM Y 


.\CTH 

Sham  operation 

Posterior  lobectomy 

0.2  mr. 

ti.O  +().«♦  (ti) 

7 . 5  ±  1  .0  (51 

0.8  mi  . 

10.0  ±1.5  (0) 

10.8  ±2. 8  (5) 

*  -Mean  ± standard  error  of  the  mean. 

Xnmerals  in  parentheses  indicate  numher  of  animals  used. 
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lute  adrenal  weights  of  intact  and  posterior  lobectomized  rats.  It  is  clear 
that  the  adrenal  of  the  posterior  lobectomized  animals  is  significantly 
greater  than  those  of  intact  rats.  Treatment  with  Pitressin  tannate  com¬ 
pletely  restored  adrenal  weight  towards  normal  values. 

To  test  the  sensitivity  of  the  adrenals  of  posterior  lobectomized  rats,  the 
effect  of  0.2  and  O.S  mu.  of  U.S.P.  ACTH  on  plasma  free  corticosterone 
levels  were  studied  and  compared  with  that  of  sham  operated  controls. 
ACTH  was  injected  intravenously  into  one  of  the  lateral  tail  veins  and  the 


I  1  TAP  WATER 
2  sVe  NaCI 

Fig.  1 1.  The  effect  of  neurogeiiie  and  systemic  stress  on  plasma  free  corticosterone  of 
normal  and  salt  treated  rats.  One  group  of  animals  had  access  to  tap  water  while  the 
other  group  received  a  2.5%  saline  solution  for  one  week.  Each  bar  represents  mean  of 
10-12  rats  (mean  +S.E.). 

animals  were  sacrificed  by  decapitation  15  minutes  after  the  administration 
of  the  hormone.  Since  the  injection  itself  would  cau.se  the  endogenous  re¬ 
lease  of  ACTH,  adrenal  sensitivity  was  assessed  in  the  two  experimental 
groups  2  hours  after  complete  hypophysectomy.  As  seen  in  Table  2,  the 
two  doses  of  ACTH  elicited  nearly  identical  corticoid  responses  in  the  two 
groups  of  animals. 

Finally,  intact  rats  received  a  2.5%  saline  solution  for  one  week  in  place 
of  tap  water.  At  the  end  of  this  period  the  posterior  lobe  had  almost  com¬ 
pletely  lost  its  neurosecretory  material  (Fig.  10).  Subsequently,  the  effect 


of  neurogenic  and  systemic  stimuli  on  adrenocorticotropic  activity  was 
investigated. 

Whereas  animals  on  tap  water  exhibited  the  expected  rise  in  plasma  free 
corticosterone  following  exposure  to  a  strange  environment  and  to  sound, 
the  same  stimuli  failed  to  evoke  a  significant  increase  in  adrenocortical 
steroids  in  the  salt  treated  rats  (Fig.  11).  In  contrast,  the  injection  of 
nicotine  tartrate  and  hemorrhage  under  ether  anesthesia  elicited  similar 
adrenocorticotropic  activity  in  the  two  groups.  The  saline  treatment  itself 
caused  some  elevation  of  the  plasma  free  corticosterone. 

DISCUSSION' 

In  posterior  lobectomized  rats  the  antidiuretic  response  to  systemic  as 
well  as  to  neurogenic  stress  is  greatly  reduced  (Figs.  2,  d  and  4).  In  these 
animals  a  systemic  stress  induces  an  increase  in  plasma  free  corticosterone 
levels  which  equals  that  of  sham  operated  controls,  whereas  the  effect  of 
neurogenic  stimulation  is  significantly  reduced  (Fig.  o).  These  findings  are 
incompatible  with  those  of  Xowell  (19).  This  author  failed  to  observe  a 
diminished  adrenal  ascorbic  acid  depletion  in  posterior  lobectomized  rats 
following  exposure  to  a  ringing  bell  during  10  minutes.  They  are  partly  in 
accord  with  the  observation  of  Smelik  (20)  in  this  laboratory,  who  found 
that  the  effect  of  emotional  stimuli  on  adrenal  ascorbic  acid  depletion  was 
completely  abolished  in  posterior  lobectomized  rats,  whereas  the  effect  of 
unilateral  adrenalectomy  was  similar  to  that  of  intact  controls. 

The  controversy  between  the  results  of  Smelik  (20)  who  reported  the 
absence  of  adrenal  ascorbic  acid  depletion  in  posterior  lobectomized  rats 
following  sound  and  our  data  whereby  the  same  stimulus  in  the  same 
laboratory  induced  a  diminished  but  .significant  elevation  of  the  plasma 
free  corticosterone  content,  is  highly  intriguing.  Whether  this  discrepancy 
can  be  explained  on  the  ba.sis  of  a  difference  in  the  sensitivity  of  the  two 
parameters  used  for  the  determination  of  adrenocortical  function  or  to 
other  factors  has  not  yet  been  elucidated.  Smelik  (20)  originally  interpreted 
his  results  in  support  of  the  hypothe.sis  postulated  by  Miahle-Volo.ss  (21), 
that  emotional  stimuli  induce  the  discharge  of  ACTH  from  the  posterior 
lobe,  whereas  a  systemic  stimulus  causes  the  release  of  ACTH  from  the 
anterior  lobe  of  the  hypophysis.  However,  the  present  experiments  show  a 
nearly  complete  restoration  of  the  relea.se  of  ACTH  in  posterior  lobecto¬ 
mized  rats  maintained  on  pitressin  tannate.  Other  experiments  (unpub¬ 
lished  data)  suggested  that  the  amount  of  corticotropin  in  the  posterior 
lobe  is  extremely  small;  using  an  in  vivo  assay  of  corticotropin  on  the 
plasma  free  corticosterone  levels  of  hypophy.sectomized  rats  after  intra¬ 
venous  injection  of  the  assay  material,  the  activity  appeared  to  be  1.71 
milliunit  per  mg.  posterior  lobe  (95%  Fiducial  limits  1.48-1.97).  These 
facts  argue  against  the  hypothe.sis  that  po.sterior  lobe  .\CTH  is  .solely  con¬ 
cerned  with  the  activation  of  the  adrenal  gland  following  neurogenic  stimu- 
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lation.  Our  data  do  not  agree  Avith  the  results  of  Hocliefort  el  til.  (22).  These 
autliors  found  20-40  milliunits  corticotropin  per  ing.  of  posterior  lobe  tis¬ 
sue.  Tlie  different  characteristics  of  the  incubation  metliod  of  Saffran  and 
Schally  used  by  Rochefort  ct  til.  (22)  and  tlie  plasma  free  corticosterone 
method  may  well  have  cau.sed  this  discrepancy. 

The  division  of  .stre.sses  into  neurogenic  and  .systemic  varieties  may  be 
cpiestionable,  since  all  stresses  employed  here  have  a  neurogenic  compo¬ 
nent.  One  could  argue  that  the  different  corticotropic  effect  of  the  two  types 
of  .stimuli  is  merely  a  matter  of  quantitative  difference  in  intensity  of  the 
.stre.s.s.  However,  the  neurogenic  stimuli  invariably  caused  a  greater  rise  in 
plasma  corticosterone  than  the  .systemic  .stre.s.se.s  used  in  the  present  experi¬ 
ments.  That  this  different  corticotropic  effect  is  the  result  of  a  time  differ¬ 
ence  between  measurement  of  the  plasma  corticoid  level  following  neuro¬ 
genic  and  systemic  .stre.s.s  is  not  likely  since  the  effect  of  strange  environ¬ 
ment  and  .sound  was  determined  at  lo  and  80  minutes  respectively  and  the 
effect  of  ether  stress  and  nicotine  injection  at  the  same  times  after  applica¬ 
tion  of  the.se  stimuli. 

Alternatively  our  results  may  be  explained  by  assuming  a  different  .sen¬ 
sitivity  of  the  adrenals  of  posterior  lobectomized  rats  to  ACTH.  Nowell 
(10)  and  Smelik  (20)  have  shown  that  the  adrenal  glands  of  such  rats  are 
significantly  greater  than  those  of  intact  rats.  Same  was  found  in  the  pres¬ 
ent  experiments.  However,  it  appeared  that  ACTH  elicited  identical 
adrenocortical  responses  in  posterior  lobectomized  and  sham-operated 
rats.  Accordingly,  our  findings  cannot  be  explained  on  the  ba.sis  of  a  differ¬ 
ence  in  adrenal  activity  in  respon.se  to  ACTH.  This  is  in  accordance  with 
the  similar  corticoid  activity  of  sham  operated  and  posterior  lobectomized 
rats  following  systemic  stimulation. 

As  shown,  the  adrenal  weight  of  posterior  lobectomized  rats  treated  with 
Pitressin  tannate  was  equal  to  that  of  intact  rats.  Apparently,  the  mainte¬ 
nance  of  a  normal  water  metabolism  prevents  adrenal  hypertrophy  which 
accompanies  posterior  lobectomy  (19,  20).  Whether  the  diabetes  insipidus 
acts  merely  as  a  stre.ssful  condition  is  not  known.  In  this  respect  it  is  perti¬ 
nent  to  note  that  in  rats  rendered  diabetic  insipidus  by  hypothalamic 
lesions  in  the  median  eminence  and  rostrally  adjacent  regions,  adrenal 
hvpertrophv  is  found  simultaneouslv  with  an  impaired  relea.se  of  ACTH 

(ifi). 

As  shown  by  the  last  experiment,  animals  on  .saline  drinking  water  had 
an  elevated  “ba.sal”  concentration  of  plasma  free  cortico.sterone.  This 
could  have  had  also  a  .significant  influence  on  the  adrenal  respon.se  to  stress 
as  was  a.ssumed  for  the  posterior  lobectomized  rats.  However,  for  the  same 
reason  as  stated  above,  /.c.,  an  identical  increase  in  plasma  free  corticoster¬ 
one  in  dehydrated  and  intact  rats  following  systemic  .stress,  does  not  indi¬ 
cate  that  a  depre.ssed  adrenal  sensitivity  to  ACTH  in  animals  on  saline  had 
cau.sed  an  impaired  corticoid  respon.se  to  neurogenic  stimulation. 
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The  above  mentioned  results  seem  to  indicate  tliat  the  pituitary  response 
to  neurogenic  stimuli  recpiires  the  presence  of  neurosecretory  substance  in 
the  hypothalamic-neurohypophyseal  system,  whereas  the  response  to 
systemic  stimuli  seems  to  be  independent  of  this  material. 

A  maintenance  dose  of  Pitressin  tannate  in  the  posterior  lobectomized 
rat  cau.ses  accumulation  of  neurosecretory  material  in  the  pituitary  stalk 
and  simultaneously  restores  the  release  of  ACTII  following  neurogenic 
stimuli.  In  addition,  the  ab.sence  of  neuro.secretory  material  in  the  hypo¬ 
thalamic-neurohypophyseal  system  as  induced  by  the  chronic  administra¬ 
tion  of  a  hyperosmotic  .solution  depresses  the  discharge  of  ACTII  following 
.sound  and  strange  environment.  Since  the  neuro.secretory  material  is 
closely  related  to  antidiuretic  hormone  (24,  25,  20)  it  suggests  that  the 
pre.sence  of  adecpiate  amounts  of  ADH  in  the  hypothalamic-neurohypo- 
phy.seal  system  is  obligatory  for  the  relea.se  of  ACTH  following  neurogenic 
stress.  Although  it  was  found  that  posterior  lobectomy  lowered  the  secre¬ 
tion  rate  of  ADH,  the  effect  of  the  treatment  with  Pitre.ssin  tannate  on 
.\DH  content  and  .secretion  was  not  investigated.  However,  the  greater 
amount  of  neurosecretory  material  in  the  stalk  region  of  the  pituitary  after 
the  administration  of  Pitressin  tannate  and  the  absence  of  neurosecretion 
following  dehydration  suggest  that  the  two  procedures  had  varied  the 
ADH  content  and  .secretion  rate  of  the  hypothalamic  neurohypophyseal 
.sy.stem.  McCann  and  Haberland  (2.4)  have  shown  that  crude  extracts  from 
the  stalk  median  eminence  region  of  beef  and  rat  brain  produce  in  rats  with 
hypothalamic  lesions  a  significant  relea.se  of  ACTH.  It  appeared  that  vaso¬ 
pressin  could  account  for  only  10  20%  of  the  ACTH-releasing  activity  of 
stalk-median  eminence  area.  It  further  was  shown  that  ADH  was  the  main 
corticotropin  relea.ser  pre.sent  in  posterior  lobe  extracts.  Apparenth'  a  differ¬ 
ential  localization  of  CRF  and  ADH  was  found  in  the.se  two  portions  of  the 
neurohypophy.seal  system.  If  this  localization  is  correct,  it  provides  evi¬ 
dence  for  the  thesis  profe.s.sed  that  the  deficient  corticoid  iespon.se  to  neuro¬ 
genic  stimuli  of  posterior  lobectomized  rats  reflects  a  deficit  in  ADH  re- 
lea.se. 
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ABSTRACT 

The  influeiu-c  of  ovarian  horinonos  on  the  uterine  f>;ro\vtli  of  eastrated  rats 
was  studied.  Tlie  effeets  of  estradiol- 17/8,  alone  or  in  various  eombinations 
with  progesterone  and  relaxin,  were  investigated  by  measuring  dry  weight, 
total  amounts  of  pentose  and  deoxypentose  nueleie  aeids  per  uterus  and  de¬ 
oxyribonuclease  activity.  These  analyses  permit  a  distinction  between  hyper¬ 
trophic  (increase  in  cell  mass)  and  hyperplastic  (increase  in  cell  number) 
growth. 

A  time-study  after  a  single  injection  of  e.stradiol  showed  a  rather  fast  re- 
sjjonse  as  regards  increase  in  dry  weight,  nucleic  acid  net  synthesis  and  increase 
in  the  cellular  level  of  deoxyribonuclease  activity.  These  effects,  however, 
with  the  exception  of  deoxyribonuclease  activity,  were  of  very  short  duration. 

Estradiol  under  these  conditions  induced  uterine  growth  both  bj’  hyper¬ 
trophy  and  by  hyperplasia.  Simultaneous  administration  of  progesterone  had  a 
restrictive  effect  on  both  types  of  growth.  Progesterone  given  prior  to  estradiol 
had  a  pronounced  stimulative  effect  on  the  hyperi)lastic  activity.  Progesterone 
injected  after  estradiol  exercised  uterotrojihic  effects  in  terms  of  both  cellular 
growth  and  multiplication. 

Redaxin  in  a  single  dose  together  with  estradiol  augmented  the  hyper- 
trojjhic  capacity  of  estradiol.  Repeat(‘d  injections  of  this  hormone  in  combina¬ 
tion  with  estradiol  and  progesterone  caused  both  hypertrophic  and  hyperplas¬ 
tic  growth. 

Estradiol,  alone  or  in  combination  with  the  other  f)varian  hormoiu's,  causcfl 
an  invariable  and  sometimes  considerable  increase  in  the  cellular  level  of 
deoxyribonuclease  activity. 

The  uterotrophic  effects  of  the  ovarian  hormones  liave  been  mostly 
studied  by  gross  morphological  methods.  These  investigations  have 
demonstrated  complicated  interactions  between  e.strogens  and  gestagens. 
According  to  doses  administered  and  the  species  under  study  antagonistic 
as  well  as  synergistic  effects  have  been  recorded  (1,  2). 

Received  September  1,  1960. 

‘  This  investigation  has  been  suj)ported  by  a  grant  from  Stiftelsen  Therese  och  .Johan 
Anderssons  Minne. 

^  The  following  abbreviations  will  be  repeatedly  used  in  this  paper:  PN.\  =  pento.se 
nucleic  acid;  PN.\P  =  PX.\-phosphorus;  DX.\  =  deoxypentose  nucleic  acid;  I)X’.\P  = 
l)X.\-phosphorus;  DX’ase  =  deoxyribonuclease. 
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The  Krowtli-promoting  effects  of  the  ovarian  hormones  in  terms  of 
hypertrophic  (increase  in  cell  size)  and  hyperplastic  (increase  in  cell  num¬ 
ber)  activity  have  been  dealt  with  earlier.  Thus  it  could  be  demonstrated 
that  during  pregnancy  a  5-fold  increase  in  the  size  of  the  human  uterus  was 
caused  by  cell  multiplication,  and  a  concomitant  G-fold  enlargement  was 
accounted  for  by  increase  in  cell  size  (5).  Subsequent  studies  on  the  rabbit 
uterus  were  carried  out  to  evaluate  the  respective  roles  of  estradiol  and 
progesterone  as  regards  these  different  types  of  growth  (4,  5).  These  anal¬ 
yses  indicated  that  estradiol  induces  hypertrophic  growth  exclusively  in 
this  animal,  whereas  treatment  with  progesterone  prior  to  the  administra¬ 
tion  of  estradiol  causes  hypertrophic  as  well  as  hyperplastic  growth. 

The  present  investigation  was  undertaken  to  ascertain  whether  these 
effects  of  estradiol  and  progesterone  on  the  rabbit  uterus  could  also  be 
elicited  in  the  rat  uterus,  or  if  differences  due  to  species  specificity  could 
also  be  discerned. 

In  addition  to  studies  on  the  uterotrophic  effects  of  estradiol  and  proges¬ 
terone,  we  have  al.so  examined  those  of  relaxin.  The  growth-promoting 
activity  of  this  hormone  in  terms  of  uterine  increase  in  weight  has  been 
clearly  demonstrated  (fi).  The  type  of  cellular  growth  induced  l)y  this 
hormone  is,  however,  not  known.  We  have  here  .suitable  conditions  to 
attack  this  problem  as,  in  contrast  to  the  conditions  obtaining  in  the 
rabbit,  the  ovaries  are  probably  the  exclusive  source  of  this  hormone  in  the 
rat  (7,  8). 


MATERIALS  AND  METHODS 

Animals.  Virgin,  h'male  rats  of  an  inbred  strain,  maintained  under  standardized 
conditions  aiul  weisbins  ISO  to  220  gni.,  were  used  in  all  experiments.  The  rats  were 
spayed  and  given  2  to  3  weeks’  rest  before  starting  the  hormone  injections. 

The  animals  were  killed  bj-  chloroform.  Tlie  uterine  horns  were  removed,  blotted  on 
filter  i)ai)er,  weighed  on  a  Mettler  balance  and  frozen  promptly.  (ienerall\’  4  to  uteri 
were  pooled  for  the  determination  of  the  nucleic  acids  and  the  DNase  activity.  Kvery 
third  uterus  was  used  for  evaluating  the  water  content  in  the  respective  groups. 

Hormone  preparations.  Kstradiol-17/3  (.Schering)  was  dissolved  in  propylene  glycol 
and  progesterone  (Progestin,  Pharmacia)  in  peanut  oil.  The  relaxin  preparation’  used 
was  administered  in  repository  vehicles’  and  assayed  150  guinea  pig  units /mg.  In  the 
first  scries  of  experiments  (see  Table  1)  the  relaxin  prej)aration  was  dissolved  in  1% 
L-390  (benzoi)urpurine-4B)  and  in  the  second  scries  (see  Table  2)  administered  in  5% 
beeswax  in  sesame  oil. 

.Ml  injections  were  given  subcutaneously  at  separate  sites  and  in  volumes  of  0.2  ml. 
Dosage's  are  indicated  in  tbe  text. 

Analijtieal  procedures.  .Vfter  thawing,  the  uteri  were  homogenized  in  distilled  water 
for  5  minutes  with  a  Bidder  homogenizer  at  40,000  r.p.m.  The  tissue  concentration  was 
ai)i)roximately  10%.  Precautions  were  taken  to  keep  the  temperature  close  to  0°  C’. 

PN.\P  and  DN.VP  were  determined  as  describefl  earlier  (9,  10). 


’  Relaxin  preparation  W  1164  .\,  Lot  49,  and  the  repository  agents  were  kindly  suf)- 
plied  by  Dr.  R.  L.  Kroc,  Warner-Chilcott  Laboratories,  Morris  Plains,  N.  J.,  U.S..\. 
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TaBLK  1.  SlmMARY  of  OBSKRVATIOXS  AKTFR  a  SIXOLE  INJECTION 
OK  E.STRAI)IOL-17(i  ANI)  REEAXIN 


Dry  weight  per 
uterus* 

PR.  dry 

PN.\P 

MS  DNAP 

DNase  per 

DNast*  p<*r 

(iroup 

Treatment* 

mass  per 

per 

per 

Mg  tissue 

mg.  drv 

tissue  unit*' 

*  uterus* 

uterus* 

DNAP* 

weight* 

1 

Untreated  castrates 

31. .3±  1.51  (10) 

236.4 

53.5 

85.0 

1.36 

3.74 

•2 

1  MS  estradiol  12  hours 

38.1±2.14  (10) 

.303.8 

76.4 

85.6 

1.21 

2.59 

bt'fore  sacrifice 

295.5 

79.9 

79.9 

1..34 

2.95 

3 

1  MS  estradiol  36  hours 

42.0±2.00  (14) 

2.33.8 

117.6 

118.4 

2.tKI 

5., 56 

bt'fore  sacrifice 

240.7 

111.2 

109.6 

1.84 

4.97 

230.5 

114.5 

121.8 

1.87 

5.27 

4 

1  jjR  estradiol  .36  hours  bo- 

54.8  +  5.30(15) 

.325.0 

142.0 

11.3.3 

2.22 

4.44 

fore  and  0..3  iiid.  relaxin 

.329.9 

145.3 

110.9 

2.69 

5.30 

12  hours  before  sacrifice 

3,35.1 

135.2 

99.7 

2.29 

4.94 

5 

1  Mg  estradiol  72  hours 

.36.8±1.00(10) 

274.3 

63.6 

92.4 

2.08 

4.93 

before  sacrifice. 

2.37.3 

68.7 

!t4.5 

1.86 

5.00 

*  For  further  data  on  mode  of  administration  and  vehicles,  see  under  Materials  and  methods. 

*  Mean  ± standard  error  of  the  mean.  Number  of  animals  in  croup  in  parentheses. 

*  .\naly8es  performed  on  pooled  material  from  four  to  five  rats. 

*  For  definition,  see  text. 


DNase  activity  was  measured  according  to  a  procedure  described  elsewliere  (11). 
Calf  thymus  DNA  prepared  according  to  Hammarsten  (12)  was  used  as  substrate.  The 
reaction  was  stopped  by  adding  trichloroacetic  acid-lanthanum  acetate  (13).  After 
centrifugation  the  increase  in  deoxypentose  concentration  in  the  supernatant  fluid  was 
determined  colorimetrically  (10),  and  from  this  the  amount  of  degraded  DNA,  ex¬ 
pressed  as  DN.VP,  was  calculated.  The  DNase  activity  is  expressed  as  /ug  DN.\P 
liberated  per  hour  per  ng  tissue  DN.\P  or  per  mg.  dry  weight. 

The  water  content  of  the  tissues  was  determined  by  drying  the  uterine  sanijiles  to 
constant  weight  at  105°  C. 

The  tissue  unit  has  been  used  for  expressing  changes  in  dry  mass  on  a  cellular  level. 
This  unit  has  been  defined  earlier  (3)  as  the  average  amount  of  extracellular  and  intra¬ 
cellular  tissue  per  average  amount  of  DNAP  per  nucleus  which  in  a  wide  variety  of 


Table  2.  Si  mmary  of  observations  after  repeated  injections 
OF  ESTRADIOl.-l  7/i,  PROCESTERONE  AND  RELAXIN 


Ciroup 

Treatment* 

Dry  weight  per 
uterus* 

PR.  dry 
mass  per 
tissue  unit*-< 

MR  PNAP 
per 

uterus* 

Mg  DNAP 
per 

uterus* 

DNase  per 
mR  tissue 
DNAP* 

DNase  per 
iiiR.  dry 
weiclit* 

1 

Untreated  castrates 

31.3+  1.. 51  (10) 

236.4 

53.5 

85.0 

1.36 

.3.74 

Oil  day  1,  2,  3;  10  Mg  es¬ 
tradiol  day  4.  5,  6 

65.7 ± 4. (M)  (12) 

367.2 

345.8 

206.0 

184.7 

122.0 

111.3 

2.95 

3.15 

5.22 

5.92 

3 

10  Mg  estradiol  day  1,  2, 

3;  oil  day  4.  5,  6 

41. 9  ±1.70  (12) 

285.1 

2.54.9 

77.1 

76.6 

98.3 

101.2 

2.47 

2.07 

5.63 

5.28 

4 

10  Mg  estradiol  day  1,  2, 

3;  5  mg.  progesterone 
day  4.  5,  6 

55. 8±  5.30  (11) 

303.8 

319.0 

120.1 

128.5 

117.9 

123.3 

2 . 40 
2.68 

5.33 

5.71 

5 

5  mg.  progesterone  day 

1,  2.  3;  10  Mg  estradiol 
day  4,  5.  6 

76.3±2.40(10) 

.306.6 

329.9 

224.5 

253.4 

158.1 

1.58.0 

3.26 

3.08 

6.91 

6.07 

6 

10  Mg  estradiol,  5,  mg.  pro¬ 
gesterone,  beeswax  day 

1,  2,  3,  sacrificed  day  4 

51.7±2.40  (7) 

328.3 

311.0 

161.1 

142.6 

1<«.7 

101.4 

2.65 

2.69 

5.25 

5.62 

7 

10  Mg  estradiol.  5  mg.  pro¬ 
gesterone.  5  mg.  relaxin 
day  1, 2, 3.  sacrificed  day  4 

78.8±.5..30  (8) 

.361 . 1 
391.5 

265.3 

261.0 

130.1 

141.6 

3.52 

3.33 

6. 3.3 

5.. 53 

1  For  further  data  on  mode  of  administration  and  vehicles,  see  under  Materials  and  methods.  When  not  otherwise 
stated,  the  rats  were  sacrificed  on  day  7. 

*  Meant  standard  error  of  the  mean.  Numbi;r  of  animals  in  group  in  parentheses. 

*  Analyst's  performed  on  pooled  material  from  four  to  five  rats. 

*  For  definition,  see  text. 
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material  has  been  found  to  be  0.<)5  pg.  (1  pg.  =  10~'®  Tlic  calculation  of  this  unit 
is  based  on  the  total  dry  mass  and  DXAP  content  per  uterus. 

Statistical  analysis  has  been  performed  according  to  conventional  methods  (14). 

RESULTS 

Ejfecls  of  a  single  injection  of  estradiol  and  reloxin 

\  time-.stucly  wa.s  performed  on  the  effects  of  1  of  estradiol,  combined 
with  0.3  mg.  relaxin  in  L-390.  A  summary  of  experimental  data  is  given  in 
Table  1.  Untreated  castrates  serve  as  controls. 

Drg  u'eight  per  uterus.  An  increase  in  this  respect  wa.s  noticeable  12  hours 
after  the  administration  of  e.stradiol.  This  increase  was  more  pronounced 
at  30  hours,  whereas  a  decrea.se  was  ob.servecl  at  72  hours.  Helaxin  given  24 
hours  after  estradiol  and  12  hours  prior  to  sacrifice  brought  about  an 
additional  increase  in  dry  weight,  the  maximal  values  of  the  time  .series 
being  found  in  this  group  of  rats. 

Drg  mass  per  tissue  unit.  An  increase  was  observed  at  12  hours,  whereas 
the  mean  values  for  groups  .sacrificed  at  30  and  72  hours  .seemed  to  be  in 
the  same  range  as  those  noted  for  castrated  controls.  The  group  receiving 
relaxin  in  addition  to  estradiol  showed  the  highest  values. 

P\AP  per  uterus.  The  total  amount  of  this  cellular  constituent  per 
uterus  exhibited  an  increase  over  the  control  level  at  12  hours  after  the 
injection.  An  additional  increa.se  was  observed  at  30  hours,  whereas  a 
decrea.se  was  noticed  at  72  hours.  The  group  of  rats  receiving  relaxin 
showed  the  highest  values  also  as  regards  this  cellular  constituent. 

DXAP  per  uterus.  No  increase  over  castrate  values  was  found  12  hours 
after  the  estradiol  injection.  A  definite  increase  was  ob.served  at  30  hours 
and  a  decrease  was  noticed  at  72  hours.  Administration  of  relaxin  .seemed 
to  have  no  definite  influence  on  the  net  synthesis  of  DXA. 

DXase  activity.  The  pH  optimum  of  rat  uterus  DXase  was  close  to  5.40. 
The  time-activity  graph  showed  a  lag  phase,  which  is  in  agreement  with 
findings  on  human  placenta  (11),  rat  liver  (15,  10)  and  rabbit  uterus  (4,  5). 

When  calculated  per  mg.  dry  weight  the  enzyme  activity  exhibited  a 
decrease  12  hours  after  the  administration  of  estradiol.  An  elevation  over 
castrate  values  was  observed  in  all  the  other  groups  with  rather  small 
differences  between  the  groups. 

^^'hen  calculated  per  pg  tissue  DXAP  no  change  in  DXase  activity  was 
ol).'^erved  until  after  the  lap.^e  of  30  hours.  The  increa.se  was  also  noted  at 
72  hours.  The  highest  levels  were  found  in  the  group  receiving  relaxin. 

Effects  of  repeated  injections  of  estradiol,  progesterone  and  relaxin 

The  effects  of  large  doses  of  these  ovarian  hormones  given  in  various 
combinations  were  studied  and  the  analytical  re.sults  are  pre.sented  in 
Table  2. 

Dry  weight  per  uterus.  Ten  of  estradiol  daily  for  three  days  cau.sed  a 
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somewhat  more  than  100%  increase  in  the  dry  weight  of  the  uteri  as 
compared  with  castrate  values.  This  effect  faded  rather  (piickly,  however, 
and  if  the  animal  was  killed  four  days  after  the  last  estradiol  injection  the 
dry  weight  was  only  slightly  elevated  over  that  found  in  castrates  (com¬ 
pare  Groups  1  and  8,  Table  2).  If  progesterone  in  a  dose  of  o  mg.  daily  for 
three  days  was  admini.stered  after  pre-treatment  with  estradiol  according 
to  the  above  scheme,  considerably  increased  dry  weight  values  were  ol)- 
served  as  compared  with  those  found  in  castrates  (compare  Groups  1  and 
4,  Table  2).  Administration  of  progesterone  prior  to  estradiol  accentuated 
this  tendency  con.siderably  (Group  5,  Table  2).  When  progesterone  was 
administered  simultaneously  with  estradiol,  a  restrictive  effect  of  the 
former  hormone  on  the  estradiol-induced  increase  in  uterine  dry  weight 
was  ol)served  (Group  6,  Table  2).  The  injection  of  relaxin  in  5%  beeswax 
in  a  dose  of  o  mg.  daily  for  three  days  together  with  estradiol  and  proges¬ 
terone  caused  the  highest  dry  weight  values  observed  in  this  study  (Group 
7,  Table  2). 

Dry  mass  per  tissue  unit.  The  highest  value  was  observed  in  the  group  of 
rats  receiving  a  combination  of  estradiol,  progesterone  and  relaxin.  Almost 
as  high  values  were  found  if  the  rats  received  estradiol  alone  and  were 
killed  the  day  after  the  last  injection.  In  the  group  where  estradiol-admin¬ 
istration  was  discontinued  for  four  ilays  before  sacrifice  the  dry  ma.ss  per 
ti.ssue  unit  was  only  slightly  elevated  over  castrate  values.  Progesterone 
following  estradiol  treatment  acted  synergistically  and  caused  an  increase 
in  the  dry  mass  per  tissue  unit  (compare  Groups  8  and  4,  Tal)le  2),  whereas 
progesterone  prior  to  estradiol  had  a  restrictive  effect  (compare  (i roups 
2  and  o,  Table  2). 

PNAP  per  uterus.  This  cellular  constituent  was  elevated  4-fold  by 
estradiol  in  the  doses  employed  here.  The  effect  had  disappeared  almost 
completely  four  days  after  stopping  estradiol  administration.  Progesterone 
following  estradiol  .sustained  the  effect  of  the  latter  hormone  to  a  certain 
extent.  Progesterone  administered  prior  to  estradiol  seemed  to  have  a 
potentiating  effect.  When  progesterone  was  administered  simultaneously 
with  e.stradiol,  a  .suppressive  effect  was  noticed.  The  highest  value,  a  o-fold 
increa.se,  was  ob.served  in  the  group  receiving  a  comi)ination  of  the  three 
ovarian  hormones. 

DXAP  per  uterus.  An  increase  over  castrate  levels  was  observed  in  all 
groups.  An  intermediate  effect  was  noticed  in  the  group  receiving  e.stradiol 
alone  and  killed  the  day  after  the  last  injection.  When  the  animals  were 
sacrificed  four  days  after  estradiol-administration  a  decline  was  found. 
Progesterone  given  after  estradiol  had  a  stimulative  effect.  This  effect  was 
even  more  pronounced  when  progesterone  was  administered  prior  to 
estradiol.  This  group  exhibited  the  highest  amount  of  DNAP  per  uterus. 

DNase  activity.  The  enzymatic  activity  showed  almost  the  same  pattern 
when  referred  to  the  tissue  DNAP  or  dry  weight.  Peak  values  were  found 
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in  tlie  group  receiving  a  coml)ination  of  the  three  ovarian  liorniones.  In  the 
group  receiving  proge.sterone  prior  to  estradiol  the  values  observed  were  in 
the  same  range.  In  the  other  groups  somewhat  lower  activity  levels  were 
observed,  but  they  were  all  well  above  that  found  in  the  untreated  cas- 
trate.s. 


DISCUSSION 

The  present  investigation  clearly  indicates  that  estradiol  induces  a 
moderate  increase  in  the  amount  of  dry  mass  per  tissue  unit.  This  result 
indicates  that  cellular  hypertrophy  plays  a  certain  role  in  the  estradiol- 
induced  growth  process.  It  is  also  evident,  however,  that  administration  of 
estradiol  causes  net  synthesis  of  DXA  and,  as  compared  with  the  increa.se 
in  the  dry  ma.ss  per  tissue  unit,  a  percentually  ecpial  increase  in  the  total 
amount  of  DNAP  per  uterus  takes  place.  With  reference  to  the  above- 
mentioned  constancy  in  the  average  amount  of  DNAP  per  nucleus,  this 
finding  indicates  cellular  multiplication.  From  these  biochemical  data  it 
may  therefore  be  concluded  that  the  growth-promoting  effect  of  estradiol 
is  exercised  by  hypertrophy  as  well  as  by  hyperplasia.  This  is  in  contrast 
to  the  findings  in  the  rabbit  uterus,  where  hypertrophic  growth  was  exclu¬ 
sively  induced  by  estradiol  (4,  5). 

The  interactions  between  estradiol  and  progesterone  are  largely  influ¬ 
enced  by  the  time-relationship  of  the  administration  of  these  hormones. 
Most  earlier  .studies  on  the  effects  of  ovarian  hormones  have  been  carried 
out  without  particular  reference  to  the  cyclic  nature  of  ovarian  hormone- 
.secretion.  The  biological  importance  of  these  rhythmic  events  stre.s.ses  the 
desirability  of  investigating  not  only  the  influence  of  absolute  and  relativ'e 
do.ses,  but  also  the  effect  of  varieil  sequence  of  administration  of  the  differ¬ 
ent  hormones. 

When  progesterone  is  given  simultaneously  with  estradiol  a  suppressive 
effect  on  growth  is  noticed.  This  is  ob.served  as  regards  all  parameters 
studied.  When  progesterone  is  administered  prior  to  estradiol  a  pronounced 
synergistic  effect  on  the  net  synthesis  of  the  nucleic  acids,  particularly 
DXA,  is  observed.  On  the  other  hand  a  decrease  in  the  dry  mass  per  ti.ssue 
unit  is  found  in  this  group  of  rats.  These  results,  taken  together,  indicate 
that  under  these  experimental  conditions  progesterone  augments  the  hy¬ 
perplastic  effect  of  estradiol.  These  observations  are  in  line  with  previous 
findings  concerning  the  effect  of  progesterone  on  the  growth  of  rabbit 
uterus  when  this  hormone  was  administered  prior  to  estradiol  (4,  5).  With 
this  experimental  design  considerable  hyperplastic  growth  was  induced. 

The  growth-promoting  effect  of  relaxin  on  the  rat  uterus  is  quite  obvious. 
Its  qualitative  as  well  as  quantitative  effects  seem,  however,  to  depend  on 
several  factors.  If  relaxin  is  administered  in  a  single  dose  of  0.3  mg.  together 
with  estradiol,  a  stimulation  of  only  the  hypertrophic  type  of  growth 
occurs.  An  increase  in  the  dry  mass  per  tissue  unit  is  here  associated  with  a 
constant  total  amount  of  DNA  per  uterus.  When  repeated  large  doses  of 
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relaxin  are  injected  together  witli  estradiol  and  progesterone,  effects  in 
terms  of  both  hypertropliic  and  liyperplastic  s>‘o\vtli  are  observed.  Admin¬ 
istered  under  these  conditions,  the  relaxin  causes  an  increase  in  DXA  net 
synthesis  as  well  as  in  the  amount  of  dry  mass  per  tissue  unit. 

In  this  connection  it  should  be  mentioned  that  the  liormone-induced 
changes  are  over-all  effects  recorded  on  whole  uteri  comprising  both  the 
endometrial  and  myometrial  layers.  As  has  been  demonstrated  earlier  with 
special  reference  to  the  nucleic  acids  (18),  the.se  tissues  show  a  discriminate 
response  to  the  influence  of  these  hormones.  It  may  well  be  that  the  inter¬ 
actions  among  the  various  ovarian  liormones  observed  are  due  to  selective 
effects  on  these  two  types  of  tissue,  and  that  the  recorded  antagonistic  and 
synergistic  effects  may  be  explained  by  a  selective  iidiibition  or  stimulation 
of  either  of  these  tis.sues.  Additional  histological  studies  and  l)iochemical 
investigations  on  .separated  myometrial  and  endometrial  tissue  may  clarify 
this  point. 

The  results  on  the  DXa.se  activity  presented  here  confirm  tlie  re¬ 
peatedly  demonstrated  finding  that  under  normal  conditions  of  growth 
1)X"A  net  synthesis  is  invariably  associated  with  an  increase  in  the  cellular 
level  of  DX'ase  activity  (11,  lo,  lb,  19,  20).  This  observation  has  earlier 
been  interpreted  as  indicating  that  DXase  might  be  involved  in  mecha¬ 
nisms  controlling  and  regulating  the  extent  of  DXA  net  synthesis  (21, 22). 
The  findings  reported  here  are  in  line  with  this  interj)retation. 
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ABSTRACT 

'I'he  object  of  this  study  is  to  find  wliere  and  how  androgens  effect  and  main¬ 
tain  prostatic  growth  (protein  synthesis)  in  vitro.  It  is  shown  that  the  site  of 
action  is  not  the  metabolism  of  citric  acid  since  this  material  does  not  accumu¬ 
late  remarkably  within  the  cell.  The  finding  that  the  rates  of  not  only  citric  acid 
synthesis  but  also  of  fatty  acid  and  i)rotein  production  are  greater  in  glands 
from  intact  than  castrate  animals  and  the  additional  discovery  that  the  syn¬ 
theses  of  fatty  acid  and  protein  are  stimulated  by  10~‘  M  testosterone  have 
evoked  the  proposal  that  the  hormone  facilitates  activation  of  acyl  residues  by 
adenosine  triphosphate  (ATP),  the  first  step  in  all  three  biosynthetic  activities. 

In  support  of  this  it  was  found  that  the  synthesis  of  fatty  acids  from  pyruvate, 
which  does  not  require  .\TP  for  its  activation,  is  insensitive  to  10~'  M  testo¬ 
sterone. 

EL.VBORATE  hypotlieses  liave  l)een  developed  by  earlier  workers  to 
relate  the  hormonal  dependence  of  the  pro.strate  to  some  block  in 
citrate  degradation  and  or  enhancement  of  citrate  synthesis.  Davis,  Meyer 
and  McShan  (1)  and  William.s- Ashman  (2)  have  demonstrated  the  pre.s- 
ence  of  most  of  the  enzj  mes  of  the  Krebs  cycle  in  rat  prostate  and  shown 
that  the  levels  of  activity  of  mo.st  of  them  are  markedly  affected  by  castra¬ 
tion  and  by  androgen  and  estrogen  injections.  In  addition,  William.s- 
Ashman  (3)  has  shown  the  synthe.sis  and  degradation  of  citric  acid  by 
prostate  residues  and  the  presence  in  these  preparations  of  pyruvate  and 
a-ketoglutarate  dehydrogenase  activity.  If  citrate  degradation  is  really 
lacking  in  an  organ  endowed  with  all  the  aforementioned  enzymatic  ma¬ 
chinery,  one  must  postulate  the  action  of  a  metabolic  inhibitor  which  is 
removed  in  the  preparation  of  the  cell-free  systems.  The  following  studies 
performed  in  our  laboratories,  some  of  which  were  reported  recently  (4), 
indicate  that : 

(a)  there  is  probably  no  interference  with  citrate  degradation, 

(b)  there  is  no  intracellular  accumulation  of  citric  acid, 

(c)  the  most  likely  .site  of  action  of  androgen  is  acyl  activation  per  .sc, 
or  some  process  upon  which  it  depends. 
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MATERIAL  A\D  METHODS 

Minces  of  i)oole(l  ventral  prostate  tissue  from  300-400  gin.  male  rats  were  used  for 
all  of  these  experiments,  .\fter  killing  the  animals  by  a  blow  on  the  head,  the  prostates 
were  rapidly  excised  and  collected  in  ice  cold  Ringer’s  solution.  The  ventral  prostates 
were  dissected  free  of  other  tissue  and  from  their  capsules  in  iced  Ringer’s  solution  under 
a  binocular  microscope.  The  cleaned  glands  were  pooled  in  a  minimum  volume  of  fluid 
and  minced  thoroughly  with  scissors.  Suspension  of  the  mince  in  50  ml.  of  Ringer’s 
solution  one  to  three  times  and  centrifugation  at  2500  rpm  in  a  refrigerated  centrifuge 
washed  the  tissue  free  of  extracellular  citric  acid,  broken  cells  and  other  debris. 

The  addition  of  testosterone  to  reaction  mixtures  was  done  as  follows:  .\n  appropriate 
])ortion  of  a  stock  solution  of  the  steroid  in  ethanol  was  diluted  with  ether  so  that  the 
desired  amount  of  steroid  was  contained  in  1  ml.  of  ether-alcohol  solution.  The  solution 
was  pipetted  into  the  dry  reaction  vessels  and  permitted  to  evaporate  to  dryness  before 
the  tissue  and  aqueous  reactants  were  added.  An  ether-alcohol  solution  containing  no 
steroid  was  added  to  the  control  vessels  in  the  same  way.  Tests  with  radio  testosterone 
indicated  that  the  steroid  was  completely  taken  up  in  the  aqueous  reaction  mixtures  used. 

Citric  acid  was  determined  on  a  trichloroacetic  acid  (TCA)  filtrate  by  a  modification 
of  the  method  of  Dickmanand  Cloutier  (5)  as  follows:  Except  where  studies  of  intra-vs. 
extra-cellular  levels  of  citric  were  under  consideration,  the  isolated  minces  were  homog¬ 
enized  in  their  suspending  medium  and  deproteinized  by  adding  1  volume  of  100% 
TCA  to  9  volumes  of  homogenate,  .\fter  centrifugation,  the  supernate  was  neutralized 
with  sodium  hydroxide,  supplemented  with  about  100  mg.  sodium  carbonate,  and 
treated  with  a  solution  of  BaCU  to  precipitate  the  citric  acid.  After  centrifugation,  the 
jirecipitate  was  dissolved  in  HCl.  The  barium  was  removed  by  treatment  of  the  solution 
with  H2S04  and  centrifugation.  After  washing  the  residue,  aliquots  of  the  supernatant 
jilus  washings  were  taken  for  citric  acid  analysis. 

Fatty  acid  synthesis  was  measured  as  the  rate  of  incorporation  of  radioactivity  from 
acetate-2-C'^  into  long  chain  fatty  acids,  essentially  as  described  by  Nyden  and  Williams- 
.■\shman  (0).  The  fatty  acids  were  dissolved  in  a  scintillation  “cocktail”  consisting  of 
0.4%  PPO  (2,5-diphenyloxazole)  and  0.005%  POPOP  (p-bis-(2-(5-phenyloxazoyl))- 
benzene)  in  toluene  and  counted  in  a  Packard  Liquid  Scintillation  Spectrometer. 

Protein  synthesis  was  assaj’ed  in  terms  of  the  rate  of  incorporation  of  radioactivity 
from  S^®-cystine,  C'^-glj’cine  or  C‘''-dl-leucinc.  Following  incubation,  the  protein  was 
repeatedly  precipitated  with  TC.\  and  redissolved  in  0.4  .\I  KOH  containing  10  jamole 

TaBI.B  1.  EkKECT  of  FI.rOROACETATE  OX  eiTRU’OI.YSIS  IN  THE  VEXTRAI,  CROSTATE 


Citric  con.,  /igm./mg. 


Trial  No.  - 

Control 

Treat(“d 

Diff. 

1 

100.3 

205.0 

+  98.7 

2 

97.0 

100.1 

-f  09.1 

3 

115.9 

139.7 

-1-  23.8 

4 

153.0 

272.5 

4-119.5 

5 

128.2 

200.0 

4-  71  .8 

Mean 

120.1 

190.7 

4-  70.6 

t=3.95 

P=0.02 

Minces  incubated  in  Ringer  phosphate  buffer  containing  0.001  M  K  acetate,  0.001  M  K 
oxaloacetate.  Fluoroacetate  added  =0.001  M.  Incubation  2  hrs.  at  37°  C  in  100%  Oj. 

mean  diff. 

“  >/[sD*  -  (2D)VNj/(N  -  1) 
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jstable  amino  acid  per  tube  as  a  carrier.  The  final  precipitate  was  washed  successively 
with  alcohol  and  ether  and  dried  in  a  desiccator.  \  weiglied  amount  (less  than  2  mg.) 
of  dried  protein  was  dissolved  in  1  ml.  of  Hyamine.  The  solution  was  diluted  with  10 
ml.  of  0.6%  PPO  in  toluene  and  counted  in  the  Liquid  Scintillation  Si)ectrometer.  The 
TC.\  filtrate  was  treated  with  alkaline  dinitrofluorobenzene  (DNFB)  as  described  by 
Porter  (7).  The  excess  DNFB  was  removed  from  the  alkaline  reaction  mixture  with 
ether.  The  mixture  was  acidified  and  the  DNP  derivative  extracted  into  ether  of  which 
an  aliquot  was  plated  for  counting  with  a  thin  window  counter. 

Keto  acids  were  isolated  as  dinitrophenylhydrazones  by  the  method  of  Cavallini 
and  Frontal!  (8).  The  hydrazones  were  applied  to  Whatman  No.  1  paper  and  chromato¬ 
graphed  in  a  descending  sj-stem  employing  n-butanol  saturated  with  3%  ammonia.  'I'lie 
dried  chromatogram  was  scanned  with  a  Nuclear-Chicago  Actigraph  coupled  through  a 
Nuclear-Chicago  Rate  Meter  to  an  Esterline- .\ngus  recorder. 

RESULTS 

(1)  Evidence  of  n  fully  functional  Krebs  cycle 

(a)  It  is  known  that  fluorocitrate,  by  acting  as  a  competitive  inhibitor  of 
citrate  in  the  formation  of  i.socitrate,  can  cause  the  blockade  of  citrate 
degradation  with  a  consequent  accumulation  of  tlie  citric  acid.  If,  how¬ 
ever,  .some  other  mechanism  is  pre.sent  which  also  prevents  citrate  oxida¬ 
tion,  one  cannot  expect  the  addition  of  fluorocitrate  to  produce  a  greater 
concentration  of  the  acid.  It  was  found  in  several  experiments  that  the 
addition  of  fluoroacetate  to  the  sub.strate  mixture  of  oxaloacetate  plus 
acetate  produced  dramatic  increases  in  the  yield  of  citric  acid  by  prostate 
minces  (Table  1).  Even  in  the  alxsence  of  fluoroacetate  the  rate  of  citric 
synthesis  by  prostate  minces  (about  0.81  /xiuole  mg.  dry  weight  hr.)  is 
rapid  compared  to  other  tissues.  Breusch  (9)  reported  a  rate  of  0.0o2 
jumole  mg.  hr.  in  kidney  minces.  Marcus  and  Elliott  (10),  with  the  more 
concentrated  85-70%  .saturated  ammonium  .sulfate  fraction  of  pigeon  liver 
powder  supplemented  with  5  jumoles  adenosine  triphosphate  (ATP), 
showed  a  rate  of  0.17-0.22  jumole  citric  acid  mg.  protein  hour. 

(b)  If  the  Krebs  cycle  were  interrupted  at  any  point,  one  would  not  ex¬ 
pect  to  find  the  incorporation  of  the  radioactivity  of  C^^-acetate  into  py¬ 
ruvic  or  oxaloacetic  acid.  To  te.st  the  integrity  of  the  cycle  in  the  prostate, 
minces  were  incubated  with  C‘^-acetate  plus  oxaloacetate  both  alone  and 
together  with  either  fluoroacetate  or  malonate.  After  homogenizing  the 
tissue,  the  supernatant  fluid  was  treated  with  dinitrophenylhydrazine.  Tlie 
keto  acid  hydrazones  were  extracted,  chromatographed  and  scanned  for 
radioactivity.  Figure  1  shows  a  strong  pyruvate  hydrazone  band  on  the 
chromatogram  of  the  control  group  (oxaloacetate  and  acetate)  and  that  it 
possesses  considerable  radioactivity.  Chromatograms  of  the  keto  acids  of 
the  groups  blocked  at  citrate  by  fluoroacetate  or  at  succinate  by  malonate 
lack  the  pyruvate.  Without  oxaloacetate,  of  course,  no  citrate  is  formed 
and  hence  no  pyruvate  is  produced. 

It  thus  appears  that  the  prostate  can  metabolize  citric  acid  as  well  as 
most  tissues.  Huggins’  report  (11)  of  a  low  oxidation  of  citric  acid  is 
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F'ig.  1.  Pyruvate  formation  by  rat  ventral  i)rostate  minces.  Sean  of  chromatograms  of 
Iiydrazones  formed  from  the  indicated  reaction  mixtvires.  Concentration  of  reactants; 
.001  M  K  o.xaloacetate;  .001  M  K  acetate  supi)lemented  with  10  juc  sodium-l-C"- 
acetate;  .001  M  sodium  fluoroacetate;  .005  M  i)otassium  malonate.  Tlie  active  zone 
shown  with  o.xaloacetate  plus  acetate  has  a  mobility  in  the  chromatographic  system 
used,  butanol  saturated  with  3%  NH3,  identical  with  authentic  pyruvic  acid  hydrazone. 


uiuloul)tedly  due  to  tlie  well  known  impermeability  of  intact  mitochondria 
to  citric  acid. 

(2)  Explanation  of  the  high  citrate  concentration  of  the  prostate 

Analy.se.s  of  tripl}'  washed  minces  of  ventral  prostate  tissue  revealed  that 
the  intracellular  concentration  of  citric  acid  is  no  more  than  ten  times  that 
reported  by  Thunberg  (12)  in  blood,  liver,  kidney,  and  some  of  the  other 
organs  (Table  2).  The  washings  of  the  minced  tissue  are  very  rich  in 
citrate,  indicating  that  the  acid  is  accumulated  extracellularly,  pre.sumably 
in  the  secretory  ducts  of  the  gland. 

One  can  see  then  that  the  rate  of  citric  acid  synthesis  is  very  high  but 
that  e.ssentially  all  the  excess  of  the  acid  over  that  typical  of  most  tissues  is 
removed  from  the  cell  as  a  secretory  product.  The  comparatively  stable 
concentration  of  citrate  within  the  prostate  cell  (data  of  intact  and  castrate. 
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Table  2.  Ixtha-  and  extracellular  citric  acid  (»e  the  ventral  prostate 


I'Ntracelliilar 

Intracellular 

No. 

Cone. 

S.l). 

No. 

Cone. 

S.l). 

analyses 

niK./gm. 

tests 

Mgm./gm. 

Intact 

9 

1  .41 

+  0.47 

9 

141 

±85 

Castrate* 

9 

0.73 

±0.31 

2 

82 

±18 

*  These  utiinials  were  saerifieed  3  days  followiiiji  eastratioii. 


Table  2)  suggests  that  the  secretory  mechanism  prevents  gross  concentra¬ 
tion  or  depletion  of  intracellular  citric  acid. 

(8)  A  search  for  the  site  of  action  of  testosterone 

(a)  Citrate  Synthesis.  In  confirmation  of  the  work  of  others,  Talile  2 
shows  that  citrate  synthesis  is  impeded  by  castration.  Similarh',  in  vitro 
studies  show  (Fig.  2)  that  citrate  synthesis  is  dramatically  depressed  by 
higher,  possibly  toxic  levels  of  androgen. 

(b)  Fatty  Acid  Synthesis.  Upon  incubation  of  minced  prostate  tissue 

with  levels  of  testosterone  ranging  from  M  it  was  found  (Fig.  8) 

that  maximum  rates  of  respiration  and  incorporation  of  acetate-l-C*^  iiuo 
fatty  acids  occurred  with  a  M  concentration  of  testosterone.  Con¬ 
firming  earlier  work  (18),  quantities  of  testosterone  in  excess  of  1  //g  (lO  '"’ 
M)  were  sharply  inhibitory.  Heduction  of  the  concentration  below  10~‘  M 
resulted  in  diminished  stimulation  of  respiration  and  synthesis. 


Testosterone  fig. 


Fig.  2.  Testosterone  dose  level  on  citric  synthesis  by  washed  rat  ventral  prostate  mince 
incubated  90  minutes  with  .01  M  K  oxaloacetate  plus  .01  M  K  acetate  in  Ringer 
phosphate  buffer,  pH  7.4.  Figures  above  bars  indicate  group  mean  in  ptg/gm.  relative  to 
a  control  group  containing  no  substrate.  Each  point  is  average  of  3  or  more  experiments. 
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MOIAR  CONCENTRATION  OF  TESTOSTERONE  (log  scale] 

Fig.  3.  Testostcroup  dose  level  on  respiration  and  fatty  acid  synthesis  b}’  rat  ventral 
prostate  niinee  incubated  90  minutes  with  .001  M  K  inalate  plus  .001  M  K  acetate  plus 
10 /ic  sodium-l-(''Micetate  in  Ringer  phosphate  buffer,  pH  7.4  . 


A  number  of  experiments  (Table  3)  liav'e  confirmed  the  stimulatory  effect 
of  !()-'  M  testosterone  on  fatty  acid  synthesis  and  the  lack  of  any  consist¬ 
ent  effect  on  respiration. 

(c)  Protein  Synthesis.  Be.sides  acting  as  a  stimulus  to  the  incorporation 
of  acetate  into  fatty  acids,  testosterone  (10~'  Al)  also  accelerates  protein 
.synthesis.  In  a  .series  of  experiments  (Table  3)  both  S'^"-cy.stine  and  C"- 
leucine  were  incorported  into  the  protein  of  rat  ventral  prostate  minces. 
In  one  experiment,  where  amino  acid  levels  were  also  measured,  it  was 
found  that  protein  synthesis  was  at  the  expense  of  the  amino  acid  pool 
(Table  4). 

The  caudal  lobe  of  one  monkey  (kindness  of  Dr.  Back  of  Roswell  Park 
Memorial  Institute)  was  found  to  respond  .similarly  to  10~"  M  testosterone 
(Table  5).  There  was  an  acceleration  of  the  incorporation  of  S^®-cystine  into 
the  total  protein  and  about  an  equal  increase  in  acid  phosphatase.  Caudal 
lobe  tis.sue  from  another  monkey  (kindness  of  Dr.  Ambru.ss  of  Roswell 
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Table  3.  Kkkect  dk  testosterone  (1()"‘  M)  ox  metabolism  ok  the  rat  prostate 


Process 

Units 

No. 

expts. 

Control 

Kxptl. 

Diff. 

(Net) 

t 

P 

(1) 

Rcsiiiration 

Minoles/mg. 

90' 

14 

.064 

.()30 

-.028 

2 

>0.05 

(2) 

Fatty  acid 

cpm /vessel 

24 

4153 

5481 

+  1315 

3.14 

<0.01 

90' 

(3) 

Protein 

cpm/mg. 

l)rotein/90' 

29 

1725 

2020 

+  123 

2.58 

<0.02 

Substrate — 0.001  M  K  inalate,  0.001  M  K  acetate  in  Ringer  phosphate  buffer  pH  7.4. 
.\d<lition  to  line  2,  2.5  ne  C‘^-aeetate,  to  line  3,  1  radio  amino  acid  (eystine-S^*,  slycine-C'^ 
or  dl-leueine-C'^). 


Park  Memorial  Institute)  incorporated  nearly  twice  as  much  C'Micetate 
into  long  chain  fatty  acids  in  the  presence  of  10~'  M  testosterone  as  in  its 
absence.  Inability  to  obtain  more  tissue  from  mature  monkeys  has  pre¬ 
vented  further  confirmation  of  these  findings. 

(4)  Acyl  activation 

The  three  processes  shown  to  be  stimulated  by  10~^  M  testosterone,  viz. 
bio.synthesis  of  fatty  and  citric  acids  and  of  proteins  have  a  common  first 
step,  i.e.,  activation  of  the  acyl  moieties,  acetate  or  amino  acids,  by  the 
appropriate  kinase  and  ATP. 

kinase 

Acid  +  .\TP - » acyl  adenylate  -|-  pyrophosphate. 

Lipogenesis  and  citricogenesis,  but  not  protein  synthesis  per  sc,  require  the 
conversion  of  acetyl  adenylate  to  acetyl  coenzyme  A  (CoA). 

CoA 

acetyl  adenylate - >  acetyl  Co.\  -1-  adenosine  monophosphate 

Acetyl  CoA  can  also  be  formed,  however,  from  pyruvate  without  the  inter¬ 
vention  of  ATP. 

pyruvate  +  diphosphopyridine  nucleotide  (DPN)  +  lipoic  acid 
-f-  thiamine  pyrophosphate  -f-  Co.\ 

pyruvic 

- >  acetyl  CoA  -f-  reduced  DPN  (DPNH) 

dehj’drogenase 


Table  4.  Pr(itei\  and  kattv  acid  synthesis  by  ventral  pro.state  minces 


C'onstituent 

Xo. 

expts. 

Units 

Control 

Treated* 

Diff.  % 

1.  .\mino  acids 

3 

cpm. /ml. 

177,333 

1.57,167 

-11.38 

2.  Protein 

3 

cpm. /mg. 

1  . 725 

2,212 

+  28.23 

3.  Fatty  acids 

4 

cj)m./ml. 

4,020 

5,806 

+44.42 

*  Testosterone,  10~’  M. 

Minees  incubated  in  Ringer  phosphate  buffer  containing,  for  constituents  1  and  2,  2  /ic 
S’‘-cystine;  for  constituents  3,  2X10“^  M  C“-acetate. 
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Table  a.  Sensitivity  of  monkey  frostates  (cai  dal  lobes)  to  testosterone  (10*^  M) 


.Mon¬ 

key 

no. 

Tissue  \vt. 

Test 

,Sls 

Control 

Treated 

Diff.  %* 

1 

72 . 9  +  (i .  3 

Protein 

Synthesis 

2  cpm./mg.  protein 

1435 

1771 

-1-23.4 

Phosph.Ttase 

2  density  units/mg. 

4 . 9!) 

(>.32 

-|-2(i.5 

2 

15.4  ±2.4 

Kiitty  .\ei(l 
Synthesis 

3  epm./mg. 

(>4.9 

lll.fi 

+  72 

*  Samples  are  too  small  to  he  statistieally  significant. 


Altliough  it  was  reported  earlier  (18)  that  10^^  M  testosterone  inhibited 
fatty  acid  syntliesis  from  pyruvate  as  well  as  from  acetate,  limited  data  on 
the  influence  of  1()~'  M  testosterone  on  utilization  of  pyruvate  show  no 
significant  effect  on  either  respiration  or  fatty  acid  synthesis. 

DISCUSSIOX 

The  foregoing  data  show  the  remarkable  sensitivity  of  the  prostate  to 
androgen  stimulation.  They  show  that,  contrary  to  what  earlier  investiga¬ 
tors  have  .suggested,  the  .site  of  action  is  probably  not  on  oxidative  proc- 
e.sses,  e.g.,  citrate  oxidation,  but  on  biosynthetic  activities,  viz.  manufac¬ 
ture  of  citric  acid,  fatty  acids  and  proteins.  There  are  at  least  three  points 
in  the  metabolic  scheme  which  could  limit  all  three  types  of  synthesis.  The 
most  obvious  of  these  is  the  level  of  available  ATP.  But  ATP  .synthesis  is 
dependent  upon  the  functioning  of  an  ATP-generating  .sy.stem,  the  princi¬ 
pal  one  being  the  Krebs  cycle  in  the  mitochondria.  (A  less  important, 
energy-wi.se,  source  of  ATP  is  glycolysis.)  Since  the  rateof  functioning  of  the 
Krebs  cycle  is  dependent  upon  the  supply  of  acetyl  CoA,  the  synthetic 
machinery  can  be  controlled  by  any  limitation  of  available  CoA  or  of 
acetyl-CoA.  P^inally,  of  cour.se,  a  direct  action  on  the  enzyme  sy.stems 
concerned  with  the  activation  of  acyl  re.sidues  could  effect  a  control  on 
synthesis. 

Previous  work  with  a  higher  androgen  level,  10“^  M  te.sto.sterone  (18), 
showed  that  the  androgen  depre.ssed  re.spiration  and  fatty  acid  synthesis 
with  acetate,  adenyl  acetate  and  acetyl  CoA.  It  is  not  yet  known  if  the.se 
activated  products  respond  po.sitively  to  10“'  M  testosterone  as  acetate 
and  amino  acids  do. 

The  failure  of  pyruvate  to  respond  to  10“^  M  te.sto.sterone  may  indicate 
that  adenylate  formation  or  utilization  is  the  sensitive  .site.  Further  work 
with  pyruvate  and  studies  of  ATP  and  acetyl  CoA-turnover  rates  in  prog- 
re.ss  should  help  resolve  the  question  of  what  is  the  androgen-.sensitive  site. 

The  relevance  of  these  in  vitro  .studies  to  an  understanding  of  the  metab¬ 
olism  of  the  pro.state  in  vivo  is  .suggested  by  Grayhack’s  (14)  report  of  a 
growth  of  the  gland  in  response  to  local,  non-.sy.stemic  androgen  treatment 


FARNSWORTH  AND  BROWN 


Volume  68 


J)S0 


in  silu.  Tlii.s  report  ((Jrayhack)  leads  one  to  believe  that  the  interactions  of 
steroid  and  tissue  observed  in  the  present  work  are  at  least  qualitatively 
very  much  like  those  which  occur  in  the  intact  animal. 

Whether  testosterone  is  the  definitive  stimulus  cannot  l)e  said  with  cer¬ 
tainty  since  injections  of  other  steroids  also  have  been  shown  to  cause 
prostate  growth.  In  addition,  we  have  preliminary  evidence  (15)  that  testo¬ 
sterone  is  metabolized  by  the  prostate  to  such  compounds  as  androstene- 
dione,  and  various  androstane  and  etiocholane  derivatives. 
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IXFLUKXC'E  OF  MOLIX'ULAR  UXSATURATIOX  OX 
IIORMOXAL  ACTIVITY  PATTFRX  OF  ('KRTAIX 
1 1  FT1-:R(  K  T’(  'L  K  '  STKROI DS 


AMTHriJ  L.  BFYLFP,  (;()BD()X  O.  POTTS  and  AAROX  APiXOLI) 

Skrling-W'intlirop  Research  Institute,  Rensselaer,  Xew  York 
ABSTRACT 

Tlie  pattern  of  hormonal  activity  in  rats  of  [3,2-cl  in  razole  derivatives  of 
steroids  was  i)rofoundly  altered  by  minor  ehanj^es  in  the  def>;ree  of  nnsaturation 
of  the  steroidal  moiety.  17|(j-IIydroxy-17a-methylandrostano  [ii/i-c]  pyrazole 
induced  marked  retention  of  nitrogen,  was  myotrophic  and  weakly  androficnic. 

The  siiiffly  unsaturated  steroid  derivative,  17|(j-hydroxy-17a-methylandrost-4- 
eno  l3,2-c)  pyrazole,  did  not  i)romotc  nitrof^en  retention,  although  it  was 
myotroi)hic,  weakly  androgenic  and  estrogenic.  The  doubly  unsaturated 
steroid  derivative,  17/j-hydroxy-17a-methylandrosta-4,(5-dieno  [3,2-c]  jjyrazole, 
was  typically  estrogenic  without  anabolic  or  androgenic  activities.  The  ac¬ 
tivity  patterns  of  these  heterocyclic  steroids  were  compare<l  with  those  of  the 
corresponding  parent  steroids:  17a-methylandrostane-17/3-ol-3-one,  17a-methyl- 
androst-4-ene-17/(j-ol-3-one  and  17a-methylandrosta-4,()-diene-17/;i-ol-3-one. 

The  degree  of  unsaturation  of  tin*  parent  steroids  was  observed  to  alter  the 
magnitude  but  not  the  kind  of  hormonal  activity.  These  structure-activity  re- 
lationshii)s  are  discussed  with  reference  to  known  jjhysical  chemical  features 
of  the  various  steroids. 

IXTIORl’^STIXCi  and  clinically  important  hormonal  activitie.s  have  been 
oh.served  for  several  .steroidal  [d,2-c]  pyrazoles  .synthesized  in  onr  labo¬ 
ratories  (1).  Among  these  is  17|3-hydroxy-17a-methylandrostano  [3,2-c] 
pyrazole,  hereafter  referred  to  as  stanozolol,'  which  was  observed  to  be  RO 
times  more  active  orally  than  methyltestosterone  in  improving  nitrogen 
retention  of  castrated  male  rats  (2).  Additional  studies  (3)  indicated  that 
stanozolol  administered  orally  to  castrated  male  rats  was  twice  as  myo¬ 
trophic  and  3  to  i  as  androgenic  as  methyletstosterone.  The  (luantitative 
and  (pialitative  attributes  of  this  new  heterocyclic  steroid  have  been  con¬ 
firmed  in  man  by  Howard  et  al.  (4). 

A  study  of  the  hormonal  activity  pattern  of  .several  chemical  relatives  of 
stanozolol  indicated  that  profound  and  unexpected  modification  in  the 
degree  and  type  of  activity  accompanied  the  singly  and  doubly  unsatu¬ 
rated  homologs :  namely,  17|3-hydroxy-17a-methylandrost-4-eno  [3,2-c] 

Received  September  14,  1900. 

‘  Referred  to  as  audrostanazol  in  i)revious  communications  (2,  3). 
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pyrazole  and  17j8-hydroxy-17a-methylandrosta-4,()-dieno  (d,2-c]  pyrazole. 
This  report  presents  pertinent  biological  data  to  point  out  interesting 
structure-activity  relationships  revealed  by  differences  in  nitrogen  retain¬ 
ing,  myotrophic,  androgenic  and  estrogenic  properties  of  these  new  ster¬ 
oids.  Biological  data  for  corresponding  parent  steroids  are  included  for 
comparative  purposes. 

The  chemical  structures  and  names  assigned  to  the  various  steroids 
included  in  this  study  are  listed  below: 


I 


ClL 


II 

cib 


III 

cib 


MX 

X 


A 


.—  OH 


X 


iix  \  T  1 

\A  A/ 

X 


c-(ni 


1 7»i-IIvdroxy-l  7a-nu“l  hyl- 
!iiulrostiiiio(:j,‘2-c) 
pyrazole 

Stanozolol 

IV 

CH, 


1 7d-l  ly  (Iroxy- 1 7a-met  liyl- 
a  1 1(  1  rost  a-4-en(‘  (H,2-e ) 
pyrazole 

1  lydroxystenazole 

V 

Clb 


1 7d- 1  ly<  I  roxy- 1 7  «-met  1  ly  1- 
a  I  id  rost  a-4  ,t)-dieno  (d,2-e ) 
pyrazole 

Mefhylandrostadienazolo 

VI 

Clb 


1 7/S-I  lydroxy- 1 7a-met  liyl- 
aiulrostaiie-:{-one 

•Methylandrostanoloiie 


1 7d-l  Iydroxy-17a-methyl- 
androst-4-<‘ne-:i-one 

Metliylteslosterone 

PROCEDURES 


i  T  I 

t) 

1 7d-I  lydroxy- 17«-melliyl- 
aii<lrosta-4,()-dieiie-;i-one 

Melhylaii<lrostadienoloiie 


Assay  for  Xitrogen  Retention.  The  nitrogen  retaining  activity  of  test  agents  was  de¬ 
termined  according  to  the  procedure  of  Kocliakian  (."))  with  modifications  (2).  Cas¬ 
trated  male  rats  of  the  Sprague-Dawley  strain  which  weighed  ajtproximately  200  gm. 
were  placed  in  individual  cages.  The  initial  feed  allotment  of  14  to  15  gm.  per  day  was 
decreased  gradually  until  body  weights  of  the  rats  reached  a  plateau.  (Jenerally,  tin* 
time  required  to  reach  weight  and  nitrogen  equilibrium  was  3  to  4  months,  at  which  time 
the  feed  allotments  were  10  to  11  gm.  per  day.  The  percentage  composition  of  the  diet 
was:  cerelose,  .33.67;  de.xtrin,  33.67;  yeast  (f'leischman’s  2019),  9.2;  hydrogenated 
vegetable  oil  (Prime.x),  7.4;  laetalbumin,  6.0;  methyl  cellulose,  5.0;  salt  mixture  (6),  3.7; 
choline  dihydrogen  citrate,  0.9;  cod  liver  oil,  0.25;  wheat  germ  oil,  0.16;  and  liver  extract 
(Wilson’s  fraction  O),  0.05.  Bulk  was  supplied  by  adding  5  parts  alphacel  per  100  parts 
diet.  This  diet  supplied  1.4%  nitrogen,  equivalent  to  9..35%  protein.  .\t  a  feed  intake  of 
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10  to  11  per  day,  tlie  rats  received  150  to  175  ms-  nitrogen.  Control  urinary  nitrogen 
values  were  determined  over  a  3-day  eolleetion  period.  The  urine  and  daily  cage  wash¬ 
ings  were  filtered  through  glass  wool  into  eolleeting  bottles  and  samples  were  diluted  to 
500  ml.  for  macro- Kjeldahl  nitrogen  determinations  using  25  ml.  aliquots.  Premedieation 
urinary  nitrogen  excretion  values  and  body  weights  provided  the  basis  for  the  distribu¬ 
tion  of  rats  into  uniform  groujjs.  The  test  compounds  were  administered  over  a  5  day 
jM'riod  following  the  control  period.  Urine  collections  were  made  over  the  last  thr(>e  days 
of  the  medication  period  to  permit  two  days  for  onset  of  response. 

Assay  for  Myotrophic  and  Androgenic  Activities.  .\.  modification  of  the  Hershberger, 
Shii)ley  and  Meyer  assay  (7)  was  used  for  determining  myotroi)hic  and  androgenic  ac¬ 
tivities.  The  increase  in  weight  of  the  levator  ani  muscle  of  young  castrated  male  rats 
served  as  the  index  to  myotrophic  activity.  Androgenicity  was  assessed  on  the  basis  of 
increase  in  weight  of  the  ventral  prostate  gland.  Injections  were  made  daily,  except 
Sundaj',  beginning  one  week  after  castration  and  continuing  for  a  total  of  9  injection 
days.  The  weights  of  the  levator  aid  muscle  and  the  ventral  prostate  gland  were'  recorded 
within  24  hours  after  the  last  injection. 

Assay  for  Estrogenic  Activity.  The  estrogenic  activity  of  the  test  compounds  was  de¬ 
termined  according  to  the  cornification  response  of  the  vaginal  eiiithelium  of  castrate 
rats  (8).  The  material  for  assay  was  injected  subcutaneously  at  2:00  p.m.  on  day  one, 
and  at  10:00  a.m.  on  day  two  of  the  assay  period.  Vaginal  smears  were  taken  with  a 
moistened  swab  at  4:00  p.m.  on  day  two  and  at  10:00  .v.m.  on  days  three  and  four. 
Smears  exhibiting  a  preiionderance  of  cornified  epithelial  cells  were  graded  as  positive. 
The  percent  of  injected  rats  in  each  group  which  exhibited  cornified  smears  during  the 
assay  period  was  used  to  quantitate  the  responses. 

.{dministration  of  Test  .Materials.  The  steroids  were  administered  as  solutions  or  sus- 
jiensions,  depending  upon  solubility,  in  cottonseed  oil  to  which  ethanol  had  been  added 
to  a  volume  of  10  percent  V  V.  In  many  instances  the  test  steroids  were  administered 
orally  as  well  as  parenterally.  Oral  administration  was  by  means  of  a  syringe  equippc'd 
with  a  16  or  IS  gauge  hypodermic  needle  with  a  specially  fitted  round  tip.  Parenteral 
administration  was  by  subcutaneous  injection  over  the  scapular  area. 

Statistical  .\nalyses.  The  relative  i)otencies  with  95%  confidence  limits  were  de¬ 
termined  according  to  standard  U.S.P.  procedures  (9). 

RESULTS 

Nitrogen  Retention.  Tal)le  1  presents  the  results  of  experiments  wherein 
improvement  in  nitrogen  retention  of  nitrogen  equilibrated,  castrated  male 
rats  was  used  for  asse.ssment  of  the  anabolic  property  of  test  steroids.  Of 
the  three  steroidal  pyrazoles  tested,  only  .stanozolol  significantly  increased 
the  amount  of  nitrogen  retained  by  test  animals.  This  steroid  derivative 
was  for  all  practical  purpo.ses  as  active  orally  as  subcutaneously.  It  should 
be  empha.sized  that  the  onh'  .structural  difference  between  stanozolol  and 
the  other  pyrazole  derivatives  is  the  degree  of  un.saturation  of  the  steroid 
moiety.  Apparently,  increased  un.saturation  of  ring  A  of  the  steroid  nucleus 
markedly  reduced  the  nitrogen  retaining  property  of  steroidal  pyrazoles. 
In  contrast,  the  degree  of  un.saturation  of  steroids  of  the  parent  compound 
series,  i.e.  methylandrostanolone,  methyltestosterone  and  raethylandros- 
tadienolone,  exerted  very  little  influence  on  the  nitrogen  retaining  proper¬ 
ties  regardle.s.s  of  the  route  of  administration. 
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Table  1.  The  effect  of  varioi  s  steroids  on  mtrocen  retention 

BY  CASTRATED  MALE  RATS 


Nitr 

ojjen  retell- 

Test  eonipouiuis 

Route  of 
administration 

Dose 

infj./rat/<lay 

No.  of  rats 

tion,  increase 
oyer  eontrol 

(iiif? 

./rat /day) 

M 

ean  ±s.e. 

Stanozolol 

S.(*. 

0.1 

0 

1 

70  +  1  .87 

C|)(l  I 

(1.4 

1 

13 

8(1  +  1  .0(1 

1  .0 

(1 

10 

42  +2.24 

(1.4 

7 

25 

30  ±3.3(1 

i.K. 

0.1 

5 

5 

38±3.11 

0.4 

(1 

10 

83+4.37 

1  .0 

7 

20 

77+3.17 

(1.4 

(1 

lt» 

.5013.10 

H  vdrox  vstenazole 

s.c. 

0.(132 

7 

12 

2  +5.7 

Cpd  ii 

1  .0 

7 

0 

.8  ±4.0 

2.0 

7 

11 

,2  +3.8 

4.0 

4 

(> 

.1  ±8.5 

Methvlandrostadieiiiizoli* 

S.<*. 

0.2 

(1 

2 

.5  +2.8 

Cpd  III 

2.0 

7 

1 

..5  ±2.(1 

Methvlandrostanolone 

0.2.5 

(1 

12 

.  (1  +2.7 

Cpd  IV 

1  .00 

t 

17 

.8  ±3.(1 

Methyltestosterone 

S.(*. 

0 . 2.') 

(1 

10 

.  1  +5.0 

t'pd  V 

0 . 70 

(1 

21 

.1  ±3.1 

i-K. 

(1.0 

4 

5 

.  7(1  ±  2 .  .53 

24.0 

t 

14 

.24  ±3.33 

10.0 

8 

11 

.2  +1.7 

40.0 

4 

20 

.5  ±1.7 

Methylandrostadienolone 

s.c. 

0.05 

5 

3 

.  .5  +5.1 

Cp.l  VI 

0.1,58 

o 

1 1 

.7  +6.0 

0.5 

i) 

15 

.3  ±4.1 

0.070 

5 

5 

.5  +4.4 

0.25 

4 

10 

.4  +5.(1 

0.70 

4 

17 

.4  ±3.4 

i-K- 

10.0 

8 

7 

.0  +2.8 

40.0 

7 

14 

.0  ±3.0 

Administered  parenterally,  all  the  steroidal  compounds  studied,  except 
the  mono-  and  hisunsaturated  pyrazoles,  exhibited  comparable  degrees  of 
nitrogen  retaining  activity.  A  marked  difference,  however,  in  degree  of  oral 
activity  existed  among  the  compounds.  Stanozolol  was  34(2o-4o)  times 
more  active  than  methyltestosterone  and  94  (limits  indeterminate)  times 
more  active  than  methylandrostadienolone.  The  oral  nitrogen  retaining 
activity  of  methylandrostanolone  was  not  determined. 

M yotrophic  and  Androgenic  Activities.  The  myotrophic  and  androgenic 
properties  of  the  six  compounds  of  this  study  were  determined  by  measur¬ 
ing  concurrently  the  weight  responses  of  the  levator  ani  muscle  and  the 
ventral  prostate  gland  of  castrated  immature  male  rats.  The  data  from 
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Tabi.k  2.  Tmk  myotroi’hic  and  axdro<;enic'  responses  of  fastrated 

MALE  RATS  TO  VARIOFS  STEROIDS 


Conipoiiiid 

Route  of 
adminis¬ 
tration 

I  )ose 

(lay 

No.  of 
animals 

Myotropliie 
respon.se, 
levator 
aid  wgt. 

.\ndrogenie 
response, 
ventral 
prostate 
wgt.  (mg.) 

Mean  ±s.e. 

Mean  ±s.e. 

Xoiip 

s.e. 

— 

52 

29.5+0.9 

5.1  ±0.2 

Stanozolol 

s.e. 

1  .4 

12 

35.3  +  1  .5 

7.310.4 

Cpd  1 

2.8 

12 

43.7  ±2.5 

13.0+0.7 

5  .t) 

12 

47.9+2.2 

14.5  +  1.0 

11.2 

12 

72.9±4.0 

39.012.8 

i-K- 

5 . 25 

0 

28.0+3.1 

4. 3+0. 7 

10.5 

0 

39.3+4.1 

8.010.9 

21  .0 

18 

51  .312.4 

13.4  +0.9 

42.0 

12 

07.1  ±3.3 

24.2  ±2.4 

H  vdrox  vsteiiazolo 

s.e. 

2.8 

0 

32.9  +  1.9 

0.5+0. 8 

Cpd  ii 

5.0 

0 

30.9+3.0 

10.7  +  1  .9 

11  .2 

.5 

.50.213.3 

10.2  1 1 .8 

i-K- 

10.5 

(> 

3!».4  +2.3 

0.2  +0.7 

21  .0 

0 

51  .4+2.1 

9.'.)  +0.3 

42.0 

0 

.52.0+3.4 

14.0  +  1  .3 

84  .0 

0 

03.813.7 

10.01 1  .7 

.Met  h  vlaiidrostadiciia  zoic 

s.e. 

2.8 

0 

38 .0  +2.7 

0.1  +0.7 

Cpd  III 

5 .0 

0 

33.1  +2.0 

5.9  +0.3 

1 1  .2 

j 

34.1  -^2.0 

0.2 +0.4 

10.8 

0 

25.014.5 

4.211  .0 

Met  hvlaiidrosf  anoloiic 

s.e. 

0.7 

12 

40.7  +  1.7 

29.5  +  1.7 

Cpd  IV 

1  .4 

12 

40.0+2.0 

42.9  ±2.8 

2.8 

11 

.50.1  +2.4 

00.4+5.3 

5.t) 

.5 

00.0+0.0 

00.4+7.9 

11  .2 

5 

74.715.9 

84.310.0 

i-K- 

10.5 

0 

31  .2+3.9 

17.111.4 

42.0 

0 

34.512.3 

39.011  .9 

Moth  vlti'stosteroiic 

s.e. 

0.7 

12 

40.0+2.1 

31  .3+2.1 

C'|)d  V 

1  .4 

12 

00.3+3.2 

43.1+3.1 

2.8 

0 

74.510.9 

59.4  ±4.9 

i-K- 

5 . 2.5 

12 

31  .0  +  1  .7 

10.0+0.8 

10.5 

12 

33.011  .5 

21  .!»  +  !  .2 

21 

12 

41  .9-^1  .0 

32.0  +  1.7 

42 

12 

48.512.5 

45.3+3.2 

84 

0 

03.812.2 

57.713.9 

Mi'thvlandrostadieiiolono 

s.e. 

8.4 

8 

41  .4  +2.0 

13.4  +  1.5 

Cpd  VI 

10.8 

8 

49.013.4 

10.711 .1 

i-K- 

42 

0 

41.1  ±2.0 

14.5  +  1  .0 

108 

0 

50.214.8 

21  .012.9 

these  experiments  are  tabulated  in  Table  2.  Within  the  steroidal  pyrazole 
series,  stanozolol  was  the  most  active  myotrophic  agent  being  1.<S(] .6-2.0) 
times  more  active  subcutaneously  and  R.0(2.4-R.o)  times  more  active 
orally  than  the  singly  unsaturated  congener.  The  doubly  unsaturated  com¬ 
pound  was  inert.  The  changes  in  degree  of  androgenicity  were  observed  to 
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parallel  the  differences  in  myotrophic  activity  of  the  pyrazole  compounds. 

Activity'  differences  among  the  tliiee  parent  compounds  were  less 
marked.  Methyltestosterone  was  the  most  active  myotrophic  agent  fol¬ 
lowed  in  rank  by  methylandrostanolone  then  methylandrostadienolone. 
However,  methylandrostanolone  was  ecpially  as  androgenic  as  methyl- 
testosterone.  The  doubly  unsaturated  steroid,  methylandrostadienolone, 
was  very  weakly  androgenic. 

These  relationships  indicate  that  as  the  degree  of  unsaturation  of  the 
steroidal  pyrazoles  is  increased  there  is  a  corresponding  decrease  in  the 
myotrophic  and  androgenic  properties,  with  unsaturation  in  both  the  4:5 
and  6:7  carbon  positions  of  the  steroid  moiety  of  the  pyrazole  derivative 
resulting  in  complete  loss  of  these  activities.  In  the  parent  compound  series, 
on  the  other  hand,  the  presence  of  a  double  bond  in  the  4:5  position  en¬ 
hanced  the  myotrophic  but  not  the  androgenic  activity,  in  that  methyl- 
testosterone  subcutaneously  was  9.4(8.1-10.8)  times  and  orally  was  2.2 
(1.7-2. 8)  times  more  myotrophic  than  methylandrostanolone.  In  each  case 
the  two  compounds  were  equally  androgenic.  Unsaturation  at  carbon 
positions  4:5  and  6:7  lowered  both  myotrophic  and  androgenic  activities, 
but  decreased  the  myotrophic  activity  to  a  lesser  degree. 

It  should  be  noted  that  the  degree  of  androgenicity  of  the  pyrazole 
derivatives  was  much  lower  than  that  of  the  correspojuling  parent  com¬ 
pounds,  particularly  when  compared  at  ecpially  effective  myotrophic  dose 
levels.  Of  interest  also  is  the  fact  that  stanozolol,  administered  orally,  was 
the  most  active  myotrophic  steroid  in  either  series.  This  compound  was 
2.2(1.5  to  3.5)  times  more  active  than  methyltestosterone  and  3.8(2. 1-7.1) 
times  more  active  than  methylandrostanolone. 

Estrogenic  Activity.  The  results  of  assays  of  estrogenic  activity  based  on 
the  response  of  the  vaginal  epithelium  of  castrated  female  rats  aie  shown 
in  Table  3.  The  singly  and  doubly  unsaturated  steroidal  pyrazoles  were 
definitely  estrogenic  within  the  dose  range  of  0.5  to  2.5  mg.  kg.  This 
observation  was  unexpected  since  earlier  assays  had  shown  that  stanozolol 
was  not  estrogenic  and  since  the  corresponding  parental  steroids  were 
known  to  be  devoid  of  estrogenicity.  Since  the  degree  of  estrogenicity  of 
methylandrostadienazole  was  no  greater  than  that  of  hydroxystenazole,  it 
may  be  inferred  that  unsaturation  at  position  6:7  of  the  steroidal  pyrazole 
is  relatively  unimportnat  as  a  determinant  of  degree  of  estrogenicity  within 
the  steroidal  pyrazole  series. 

DISCUSSION' 

The  comparisons  offered  above  demonstrate  to  what  extent  the  magni¬ 
tude  and  type  of  hormonal  activity  of  steroidal  pyrazoles  of  androstane 
parentage  are  influenced  by  the  degree  of  unsaturation  of  the  steroid 
portion  of  the  molecule.  Tl.e  activity  profile  of  the  pyrazole  derivative  of 
the  fully  saturated  methylandrostanolone  was  identical  to  the  parent 
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Table  3.  The  estrogenic  effect  of  variocs  steroids  on- 

vaginal  EPITHELIfM  OF  OVARIECTOMIZED  RATS 


Tvst  conijiGiind 

Dose  '  (lily 

s.p. 

No.  of  rats 

Percent  exhibiting 
vajiinal  eornification 

St.Tiiozolol 

0 

10 

0 

Cpil  I 

5 

10 

0 

10 

10 

0 

20 

10 

0 

Hvilroxvstenazole 

0 

20 

0 

Ci)d  it 

0.1 

10 

0 

O-.T 

10 

10 

2.0 

20 

00 

4.0 

10 

100 

Met  hvlandra.'itadieiia  zoic 

0 

20 

0 

Cpd  III 

2.0 

10 

20 

2.5 

10 

50 

5.0 

10 

100 

Methvlandrostanolone 

0 

10 

0 

Cpd  IV 

5 

10 

0 

10 

10 

0 

20 

10 

0 

Metlivlte.'ito.'itcroiip 

0 

10 

0 

Cpd  V 

O 

10 

0 

10 

10 

0 

20 

10 

0 

Mellivlatiilnistadieiiolone 

0 

10 

0 

Cpd  VI 

5 

10 

0 

10 

10 

0 

20 

10 

0 

steroid;  however,  the  degree  of  androgenieity  was  greatly  reduced  and  the 
anaholic  activity  attending  oral  medication  was  increased  several  fold 
based  on  relative  myotrophic  activity.  In  contrast,  the  pattern  of  activity 
of  the  doubly  unsaturated  steroifl  was  completely  altered  by  pyrazole 
substitution  from  a  compound  which  was  anabolic  and  androgenic  (meth- 
ylandrostadienolone)  to  one  which  was  solely  estrogenic  (methylandros- 
tadienazole).  The  pyrazole  derivative  of  the  mono-unsaturated  steroid, 
on  the  other  hand,  exhibited  a  most  provocative  combination  of  hormonal 
activities.  This  steroidal  pyrazole,  designated  hydroxystenazole,  was  estro¬ 
genic,  myotrophic,  and  weakly  androgenic,  but  was  devoid  of  nitrogen 
retaining  activity  in  the  rat.  Preliminary  observations  (unpublished) 
indicate  that  hydroxystenazole  may  decrease  the  efficiency  of  utilization 
of  dietary  protein  .since  a  greater  proportion  of  nitrogen  available  in  the 
diet  appeared  in  the  feces  of  castrated  male  rats  during  the  period  of  medi¬ 
cation  with  hydroxystenazole  than  was  found  excreted  during  the  control 
period.  Fecal  nitrogen  was  not  affected  by  testo.sterone  treatment  under 
identical  conditions.  This  effect  of  hydroxystenazole  may  be  characteristic 
for  estrogenic  sub.stances  in  rats  in  that  Leatham  (10)  ob.served  that  di- 
ethylstilbestrol  under  .somewhat  different  conditions  increased  fecal  nitro¬ 
gen  excretion.  Also,  estradiol  was  observed  in  our  laboratory  to  bring  about 
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a  moderate  hut  uniform  rise  in  fecal  nitrogen  values  of  castrated  male  rats. 
The  catabolic  effect  of  estrogens  in  rats  is  a  well  documented  observation 
(11, 12,  Id)  and  may  be  related  to  the  ability  of  estrogen  to  divert  a  portion 
of  the  available  nitrogenous  foodstuffs  from  metabolic  pathways  to  ali¬ 
mentary  elimination.  It  should  be  noted,  however,  that  estrogens  have 
been  reported  to  be  anabolic  in  certain  other  mammals  such  as  cattle  (14, 
lo)  and  humans  (10).  In  connection  with  this  point  hydroxystenazole  was 
observed  in  our  laboratory  to  increase  substantially  the  amount  of  nitrogen 
retained  by  female  rhesus  monkeys  maintained  on  constant  daily  caloric 
and  nitrogen  intake.  Clinical  observation-^  by  Furman  et  nl.  (17)  indicate 
that  hydroxystenazole  is  anabolic  in  male  and  female  human  subjects  at 
oral  dose  levels  of  1  to  1(5  mg.  day. 

Within  the  series  of  steroidal  pyrazoles,  the  degree  and  type  of  hormonal 
activity  was  profoundly  influenced  by  unsaturation  in  ring  A  and  B  of  the 
steroidal  portion  of  the  molecule.  Conjectures  as  to  the  factors  contributing 
to  these  changes  may  be  of  more  than  passing  interest.  Increasing  the 
degree  of  unsaturation  in  rings  A  and  B  increases  the  total  electron  density 
of  the  pyrazole  ring,  increases  the  lability  (electrophilic  property)  of  the 
hydrogen  atom  bonded  to  pyrazole  nitrogen  and  flattens  the  molecule 
about  the  centers  of  unsaturation.  These  molecular  features  tend  to  make 
the  pyrazole  and  ring  A  end  of  the  molecule  more  similar  to  phenolic 
estrogens  in  terms  of  configuration  and  chemical  reactivity.  Thus,  the 
tautomeric  hydrogen  on  the  pyrazole  ring  becomes  more  “acidic”  and  more 
available  for  chemical  interaction  analogous  to  the  acidic  hydrogen  of  the 
phenolic  hydroxy  group  of  natural  and  .synthetic  estrogens.  The  fact  that 
hydroxystenazole  was  anabolic  and  androgenic  as  well  as  estrogenic  sug¬ 
gests  that  the  [d,2-c]  pyrazole  group  is  a  multifunctional  substituent  which 
influences  the  type  and  degree  of  hormonal  activities  of  steroids  of  andros- 
tane  parentage  to  an  extent  which  is  in  some  way  related  to  the  presence 
or  absence  of  molecular  unsaturation  in  ring  A  of  the  steroid  moiety. 

Since  the  doubly  unsaturated  steroidal  pyrazole  was  only  estrogenic,  it 
is  suggested  that  the  anabolic  and  aiulrogenic  features  of  the  molecule  have 
been  lost  due  to  molecular  distortion  and  flattening  imposed  by  the  ster¬ 
oidal  diene  system.  An  indication  as  to  the  degree  of  molecular  distortion 
conferred  on  the  .steroid  by  the  4,(i-diene  system  is  obtained  from  a  com¬ 
parison  of  the  optical  rotation  measurements  for  the  mono-  and  bisun- 
saturated  steroidal  pyrazoles.  The  [ajo  values  obtained  for  1%  solutions 
of  each  compound  in  pyridine  were  -F  132.6  ±0,2  and  —126.1  ±0.1  for  the 
mono-  and  bisunsaturated  steroids,  respectively.  This  large  shift  in  optical 
rotation  is  typical  for  the  effect  of  conjugated  diene  systems  of  steroids,  as 
shown  by  Barton  and  Klyne  (18),  and  is  best  explained  by  induced  molecu¬ 
lar  di.stortion. 

Although  these  attempts  to  explain  .structure-activity  relationships  are 
highly  conjectural,  they  do  help  to  vizualize  possible  mechanisms  whereby 
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minor  differences  in  the  structure  of  steroid  liormones  affect  the  kind  and 
degree  of  endocrine  activity.  Further  efforts  to  sul)stantiate  and  extend 
tiie  present  observations  are  expected  to  be  rewarding. 
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ABSTRACT 

Piiliprchroniatograpliit*  analysis  of  Hytakerol  was  parried  out  using  reverse- 
phasp  systems.  Three  distinct  compounds  were  isolated,  one  of  which  ex¬ 
hibited  an  ultraviolet  absorption  si)ectrum  almost  identical  to  crystalline  di- 
hydrotachysterol.  Mixed  paper  chromatograms  and  infra-red  spectra,  however, 
revealed  that  this  Hytakerol  sterol  is  not  <lihydrotachysterol. 

Five  different  lots  of  Hytakerol  were  spectrophotometrically  assayed  after 
chromatographic  separation.  On  the  basis  of  ultraviolet  absorbance,  four  of  the 
fiv(‘  lots  contained  2.7-d.O  times  more  of  the  “dihydrotachysterol-like”  sterol 
than  the  label  indicated.  One  lot  contained  considerably  less  than  the  others, 
lividema'  is  presented  suggesting  that  the  Hytakerol  .sterol  is  dihydrovitamin 
Djll.  an  isomer  of  dihydrotachysterol,  with  a  significantly  lower  potency. 

Historical  aspects  of  “.VT-10”  preparation  and  the  clinical  implications  «)f 
our  findings  are  discussed. 

Till-]  “calcemie”  action  of  calciferoR  and  that  of  the  .structurally  closely 
related  dihydrotachysterol  ha.s  been  extensively  utilized  in  the  treat¬ 
ment  of  hypoparathyroidism.  Although  originally  sugge.sted  as  the  ideal 
substitute  for  parathyroid  hormone  (1),  the  commercially  available  prepa- 
/  ration  of  “dihydrotachy.sterol”  in  this  country  (Hytakerol®)  has  fallen  into 
disfavor  in  recent  years  due  to  its  greater  cost  and  apparently  variable 
potency  (2,  ‘S). 
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*  The  general  term  “calciferol”  refers  to  any  of  a  number  of  antirachitic  sterols  and 
may  be  used  interchangeably  with  the  term  “vitamin  D.”  All  are  structurally  identical 
except  for  the  chemical  nature  of  the  side  chain  at  position  17  in  the  sterol  nucleus. 
Commonly  available  forms  are:  vitamin  D2  =  activated  ergosterol  =  ergocalciferol;  and 
vitamin  l)3  =  activated  7-dehydrocholesterol  =  cholecalcifero!.  A  subscript  2  is  utilized  in 
specifically  referring  to  other  related  compounds  formed  during  ultraviolet  irradiation  of 
ergosterol  (e.g.,  tachysteroR)  or  a  «lerivative  thereof  (e.g.,  diliydrotachysteroR).  The 
subscript  3  pertains  in  a  similar  specific  way  to  7-dehydrocholesterol  derived  compounds. 
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Recent  studies  (4,  o,  ti)  have  suggested  that  the  following  sequence  of 
events  occuring  during  the  irradiation  of  a  provitamin  such  as  ergosterol  is 
as  follows: 


I-U.MISTKROL, 

Tj  II. V. 

KUCOSTKHOL  .\(TIV.\Ti;i )  IXTEHMEDI-VITUS) 

Tiu.V. 

lACIIVSTHKOL, 


PHE-VITA.MIX  1). 
Tl  Heat 

V  IT  AM  IX  1). 


l-2\U] 

1  DIHVDHOT.M’HYSTEUOL,  | 


It  should  he  noted  that  whereas  vitamin  I)  is  a  natural  irradiation  product, 
dihvdrotachysterol,  as  prepared  hy  von  Werder  (7),  is  formed  by  a  sepa¬ 
rate  chemical  reduction  of  tachysterol,  another  compound  which  may  he 
isolated  from  the  crude  irradiation  mixture.  When  compared  with  calciferol 
on  an  ecpiivalent  weight  basis  both  tachysterol  and  dihydrotachysterol  are 
j)ractically  devoid  of  antirachitic  activity  (S).  The  tatter  compound,  how¬ 
ever,  has  a  potent  calcium  mobilizing  action  (9). 

In  a  comparative  study  of  the  relative  actions  on  a  milligram  for  milli¬ 
gram  basis  of  vitamin  I),  crystalline  dihydrotachy.sterol  and  Hytakerol  in 
rats,  dogs  and  man  (10),  it  was  noted  that  Hytakerol  had  significantly  less 
calcium  and  phosphorus  mobilizing  activity  when  compared  with  pure 
crystalline  dihydrotachysterol.  These  observations  prompted  us  to  inves¬ 
tigate  the  chemical  nature  of  Hytakerol.  The  present  report  describes  our 
findings. 

METHODS 

!‘uper  Chromatograph!) 

Four  r(‘vi*rs(‘<l-phiisi“  systcuiis  of  paper  chroniatonraphy  were  utilizi'd  in  tliis  study; 
tlio  three  systems  deserihed  In-  Kodieek  and  Ashlw  (11),  in  which  the  stationary  phase 
is  mineral  oil,  and  our  own  n%  deealin-ahsolute  methanol  system.  Descending  chromato- 
>;rams  on  Whatman  No.  1  filter  paper  were  run  in  standard  12X24  inch  tanks  for  8  to  24 
hours  depending  upon  the  chromatography  system  employed,  .\fter  air  drying,  the 
jiapers  were  immediately  examined  under  a  hand  ultraviolet  source  of  254  m^  to  locate 
the  sterols.  The  sin-tions  were  marked,  cut  out,  and  eluti'd  in  a  test  tube  with  3-10  ml. 
of  absolute  methanol.  .V  jiarallel  strij)  from  each  chromatogram  was  also  stained  with 
antimony  trichloride  and  examined  with  an  ultraviolet  lamp  of  300  mp. 

Ten  to  twenty- five /:ig  of  a  standard  solution  of  crystalline  dihydrotachj-steroP  con¬ 
taining  1  mg.  ml.  was  spotted  directlj-  onto  the  jiapiTs  and  used  as  a  reference.  On  all 
chromatography  .systems  utilized  the  cry.stalline  dihydrotachysterol  iireparation  ran  as 
a  single  spot. 

I  'ltraviolet  .1  nalguiii 

The  methanol  elutions  from  the  paper  chromatograms  wen*  read,  after  appropriate 
dilution  when  necessary,  in  a  Bi'ckman  1)1*  spcetrojihotometer.  Absorption  spectra  were 

®  Manufactured  by  N.  V.  Philips-Ro.xane  Pharmaceutish-C'hemische  Industrie 
“Duphar,”  Weesp,  Holland. 
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recorded  with  a  Beckman  DK-2  recording  spectrophotometer.  Concentrations  of  the 
sterols  were  calculated  from  previously  determined  molar  absorbancy  values.  For  di- 
hydrotachysterol  E}^  (250.5  m/x)  was  1030  which  agrees  with  previously  published 
values  (7,  12). 

Infra-Red  Analysis 

Methanol  or  dichloromethane  solutions  of  the  sterols  for  infra-red  analysis  were  <lried 
in  round  bottom  flasks  on  a  Rinco  Rotating  Evaporator  after  adding  50  mg.  of  potassium 
bromide  which  had  been  screened  through  a  200  mesh  sieve.  The  residue  was  scraped 
from  the  flask  and  pr(‘ssed  at  1500  lbs.  sq.  in.  in  a  Carver  Laboratory  Press  without  air 
evacuation.  The  pellets  were  read  directly  in  a  Baird-Atomic  Model  KM-1  infra-red 
siiectrophotometer  using  a  micro-beam  holder. 

RESULTS 

Chromatographic  Analysis  of  Hytakcrol 

Ten  pg  of  Hytakerol  were  streaked  on  one-lialf  of  a  7  in.  sheet  of  What¬ 
man  Xo.  1  filter  paper.  On  all  chromatography  systems  employed,  three 
tlistinct  spots  could  he  identified  hy  ultraviolet  absorption  and  ShCMj 
treatment.  Table  1  shows  the  running  time  and  the  lb  values  of  these 
components  for  each  of  the  chromatography  systems.  The  best  separation 
was  obtained  on  Kodicek  A  and  C  systems. 

After  elution  of  these  spots  in  a  te.st  tube  containing  10  ml.  of  ab.solute 
methanol,  the  ultraviolet  spectrum  of  the  eluate  was  determined  against  a 
paper  blank  of  identical  size  from  the  oppo.site  half  of  the  chromatography 
paper.  The  spectra  obtained  from  these  three  areas,  in  addition  to  the 
spectrum  of  crystalline  dihydrotachysterol,  crude  Hytakerol,  and  sesame 
oil  U.S.P.,  are  shown  in  Figure  1. 

The  spectrum  of  spot  I  (spectrum  I),  Fig.  1)  corresponded  closely  to  that 
of  crystalline  dihydrotachysterol  (spectrum  C)  when  the  chromatogram 
was  run  long  enough  to  prevent  contamination  with  .seasme  oil  (if  trace 
ijuantities  of  sesame  oil  were  present  the  24.'f  ni/u  peak  was  higher  than  the 
2.)()..5  m/x  peak  and  an  additional  peak  due  to  sesame  oil  [spectrum  H, 
Fig.  IJ  was  seen  at  285  m/x). 


T.^BI.E  1.  (.'HK().MATO<iRAI’UI(:  Rf  VAM  ES  OK  I  I.TRA VIOl.ET 
ABSORBIXO  .MATERIALS  I.N  HYTAKEROL 


t'hromiltograiihy  system 


Kodicek 

Decalin: 

A 

B 

C 

lOO^'c  methanol 

Time  (Hrs.) 

22 

13 

9.5 

'  5 

Spot  I* 

.Ifi 

.42 

.40 

.22 

II 

.28 

.59 

.  t  o 

.71 

III 

.82 

.74 

'  .80 

.81 

*  This  spot  exhibits  an 
hydrotachysterol. 

ultraviolet 

absorption  spec 

trum  almost  identical  to  crystalline  di- 
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Fig.  1  T’ltraviolet  absorption  spectra  of  (.\)  crude  Hytakerol®;  (B)  sesame  oil  ESP; 
(C’)  crystalline  dihydrotachysterol;  (D)  chroinatographically  separated  spot  I  from 
Hytakerol®;  (E)  spot  III  from  H\’takerol®;  (F)  spot  II  from  Hytakerol®  (solid  line)  and 
from  sesame  oil  L’.S.P.  (broken  line).  Spectra  were  taken  in  methanol  excejit  for  (.\)  and 
(B)  which  were  in  ilichloromethane.  Concentrations  were  aiijiropriately  adjuste«l  to 
show  spectral  details. 
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Spot  II  gave  two  peak.s  at  2.‘R)  and  280  m/x  of  relatively  low  al)!^orl)ance 
(spectrum  solid  line).  A  similar  spot  was  obtained  when  se.same  oil  USP 
was  chromatographed  (spectrum  F,  broken  line),  indicating  that  this 
material  was  a  contaminant  in  the  .se.same  oil  preparation. 

Spot  III  absorbed  strongly  at  2.50  m/x  with  lesser  peaks  at  283  and  291 
m/x  (spectrum  K).  This  compound  did  not  reduce  blue  tetrazolium  and 
gave  a  negative  .sodium  hydroxide  fluorescence.  Spot  tests  .suggested  that 
this  compound  was  .some  form  of  a  peroxide.  Ultraviolet  irradiation  cau.ses 
a  rapid  decrea.se  in  its  ab.sorbance. 

('hcrnical  Assay 

Since  our  biological  results  suggested  that  Ilytakerol  was  less  potent 
when  compared  with  crystalline  dihydrotachysterol  on  a  milligram  for 
milligram  ba.sis,  .several  different  lots  of  Ilytakerol  were  assayed  for 
‘'dihydrotachysterol”  content. 

Ten  /xg  of  Hybakerol  from  each  lot  were  chromatographed  and  spot  I 
(the  material  from  Ilytakerol  exhibiting  a  dihydrotachysterol-like  spec¬ 
trum)  was  eluted  as  described  above.  Optical  densities  were  determined  at 
2.50..5  m/x  in  a  manual  Beckman  DU  spectrophotometer  and  a  spectrum  of 
the  same  solution  was  made  on  the  I)K-2  recording  .spectrophotometer.  A 
standard  .solution  of  1.2.5  mg.  of  crystalline  dihydrotachysterol  in  se.same 
oil  U.S.P.  was  similarly  a.s.sayed.  Concentrations  of  the  Ilytakerol  sterol 
were  calculated  from  the  absorbance  values  determined  for  crystalline 
dihydrotachy.sterol  in  methanol.  Table  2  shows  the.se  results.  It  can  be 
seen  that  all  Ilytakerol  lots  tested  contained  significantlj’  more  dihydro¬ 
tachysterol-like  ultra  violet -absorbing  .steroL  (except  for  one  lot,  almost 
tliree  times  more)  than  the  label  indicated.  The  a.s.say  of  a  standard  .sesame 
oil  .solution  of  cry.stalline  dihydrotachysterol,  al.so  shown  in  Table  2, 
demonstrates  the  reliability  of  the  procedures  utilized.  Recovery  approxi¬ 
mated  100%. 


Tabi.k  2.  Resi  i.ts  ok  (■iikom.\t(i(;rai‘hk'  ass.ay  ok  hvtakeroi.  .steroi. 


Labeled*  (mg. /ml.) 

Chromato.  assay** 
(mg. /ml.) 

Chromato.  assay 

Labeled  assay 

Lot  303  UN 

1  .25 

3.75 

3.0 

Lot  406  RC: 

1  .25 

3 . 57 

2.0 

Lot  060  SI) 

1  .25 

2.40 

1  .0 

!.ot  257  SI) 

1  .25 

3.40 

2.7 

Lot  281  SJ 

1  .25 

3.47 

2.8 

1  )ihvdrotaehvst<‘rol  in 

sesame  oil 

1 .25*** 

1  .24 

1 .0 

*  Uioassay  determination  l)y  manufaeturer.  I.al)el  states  that  “1  ee.  eontains  tlieequiva- 
lent  of  1.2.5  mg.  erystalline  dihydrotaehysterol.” 

**  Chromatographir  separation  of  Hytakerol  sterol  with  eoncentration  determination 
based  upon  molar  ahsorbanee  of  erystalline  dihydrotaehysterol. 

♦  **  Prepared  by  authors  using  erystalline  dihydrotaehysterol. 
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Mixed  Chromatography 

Five  mg.  of  crystalline  (lihydrotachysterol  were  dissolved  in  2  ml.  of 
Ilytakerol  and  10  jug  of  this  solution  was  streaked  onto  one-half  of  a  7  inch 
wide  filter  paper.  A  similar  volume  of  the  Hytakerol  itself  was  streaked  on 
the  other  half.  The  ends  of  the  paper  were  serrated  and  the  solvent  front 
was  allowed  to  run  off  the  ends  of  the  paper  to  obtain  maximum  separation 
of  the  compounds. 

In  addition  to  the  three  spots  usually  obtained  with  Ilytakerol  (Table 
1)  on  all  systenTs  utilized,  a  fourth  spot  couhl  be  clearly  identified  only  on 
the  side  of  the  chromatogram  containing  the  Ilytakerol  with  added  crys¬ 
talline  dihjTlrotaehysteroh  This  .spot  ran  just  aliead  of  spot  I,  the  com¬ 
pound  in  Hytakerol®  which  exhibits  the  dihydrotachysterol-like  ultraviolet 
absorption  .spectrum.  When  this  fourth  .spot  was  eluted  and  its  ultraviolet 
spectruni  determined,  a  typical  dihydrotachysterol  spectrum  was  also 
obtained. 

Infra-red  Analysis 

Separation  of  the  Hy  takerol  sterol  in  a  form  pure  enough  for  infra-red 
analy.sis  presented  many  difficulties.  Although  we  were  not  able  to  accom¬ 
plish  this  .separation  completely,  a  pure  enough  preparation  could  be 
obtained  for  this  analysis  by  first  extracting  1  ml.  of  Hytakerol  with  20  ml. 
of  ()0%  methanol®  and  re-extracting  the  Hytakerol  layer  with  100% 
methanol.  The  100%  methanol  extract  was  saponified  with  potassium  hy¬ 
droxide,  extracted  with  petroleum  ether,  dried  and  redissolved  in  dichlor- 
methane.  A  KBr  pellet  was  then  prepared  from  the  dichlormethane  solu¬ 
tion.  Figure  2  shows  the  infra-red  spectra  of  the  Hytakerol  sterol  (spec- 
trunL  HXand  our  standard  cry.stalline  diliydrof achy. sterol  (spectrum  A). 
.\lthough  the  peaks  are  not  as  prominent  in  the  material  obtained  from 
Hytakerol,  it  can  be  .seen  that  their  locations  are  entirely  different  from 
those  in  crystalline  dihydrotachy.sterol.  Tliese  spectra  are  very  similar  to 
those  published  by  van  de  Vliervoet  and  associates  (KI)  for  diliydroyitaimn, 
DJI  and  dihydrotachysterol-^,  respectively,  although  these  authors  onlj' 
show  the  spectrum  between  l.'IOO  and  700  cm'b 

DISCUSSION' 

Although  cry.stalline  dihydrotachysterol  appears  to  be  the  most  potent 
“calcemic”  .sterol  available  (14,  15,  9),  commercial  preparations  of  “AT- 
10”  employed  clinically  .since  1933  (16,  7)  have  consisted  primarily  of 
relatively  crude  oil  .solutions  labeled  as  containing  “dihydrotachysteiol.” 
Originally,  the.se  preparations  were  made  by  reducing  “tachysterol”  with 
.“^odium  and  alcohol  (7).  Other  reduction  products  (i.e.,  the  dihydrovitamins 
1)  discu.s.sed  below)  were  al.so  known  to  be  present  and  thought  to  po.s.sess 

*  This  procedure  was  found  to  remove  all  of  the  “peroxide-like”  material  in  Ily¬ 
takerol  which  runs  as  Spot  III. 
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Eis-  2.  Infra-red  sjiectra  nf  (A)  crystalline  dihydrotaehysterol  and  (H)  the  dihydro- 
taeliysternl-like  ultraviolet  ahsorbins  material  .separateil  from  Hytakerol. 
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Fig.  3  Reduction  products  of  taohysterol2  and  vitamin  D*.  Classical  formulas  arc 
shown  in  brackets.  Xote  particularly  the  difference  in  attachment  of  ring  A  to  the  re¬ 
mainder  of  the  molecule  in  the  more  stereochemically  correct  representations. 
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little  or  no  calcium  mobilizing  activity  (7,  12).  For  this  reason  the  biological 
potency  of  commercial  preparations  was,  and  has  continued  to  be  estimated 
by  bioassay  of  the  crude  mixture,  rather  than  by  chemical  analysis  of  a 
separated  and  purified  single  active  compound.^  Thus  the  potency  refers 
only  to  the  hypercalcemic  activity  of  the  preparation  (in  rats)  equivalent 
to  a  given  weight  of  pure  dihydrotachysterol  used  as  a  standard  (17). 

Our  experimental  results  indicate  clearly  that  the  calcium  mobilizing 
factor  in  the  one  such  preparation  marketed  in  this  country  (Hytakerol) 
is  not  dihydrotachysterol  although  it  has  a  remarkably  similar  ultraviolet^ 
absorption  spectrum.  Chromatographically  the  Hytakerol  sterol  is  less 
j)olar  than  diliytrrotachysterol  and  its  infra-red  spectrum  appears  to  be 
entirely  different.  These  surprising  facts  led  us  to  consider  the  possible 
identity  of  the  active  ingredient(s)  in  this  preparation. 

A  clue  as  to  its  identity  becomes  apparent  upon  more  detailed  considera¬ 
tion  of  the  chemical  nature  of  the  reduction  process.  Dihydrotachysterol 
can  be  produced  in  varying  yields  by  reducing  tachysterol,  calciferol  or 
even  crude  mixtures  resulting  from  ultraviolet  irradiation  of  ergosterol 
(7,  12).  In  each  case,  however,  isomeric  dihydrovitamin  D>  derivatives  may 
l)e  produced  as  illustrated  in  Figure  3,  where  the  classical  formulas  (IS)  are 
represented  in  brackets  (formulas  II,  III  and  VI)  along  with  the  more 
stereochemically  correct  representations  (19).  The  characteristic  relation¬ 
ship  of  ring  A  (formulas  I,  V,  IV  and  VII)  to  the  remainder  of  the  molecule 
apparently  determines  whether  a  dihydro  derivative  is  termed  a  dihydro- 
tachijsterol  or  a  dihydrocf/r/w/^?  D,  since  both  compounds  are  formed,  but  to 
varying  degrees,  during  reduction  of  either  tachysterol  or  calciferol  (7,  12, 
lo,  20).  While  only  dihydrovitamin  Do,  isomer  II,  is  illustrated  in  Figure  3 
(formula  VH)  five  others  (Fig.  4)  have  been  isolated  and  at  least  partially 
characterized  (15,  20). 

In  view  of  the  preceding  discussion  it  would  appear  that  the  most  likely 
hypercalcemic  material  presently  in  Hytakerol  is  one  (or  more)  of  the 
dihydroyitamin  Da  isomers.  Since  the  net  ultraviolet  absorption  spectrum 
closely  resembles  dihydrotachysterol,  this  would  limit  the  predominant 
sterol  to  eith^-  isomer  Doll  or  DalV  (Fig.  4)  as  only  these  have  the  neces¬ 
sary  conju^a^d  double  bond  structure.  The  D.V  and  DoVI  isomers  show 
relatively  strong  peaks  at  244  and  24().5  m^  respectively  (20)  and  therefore 
could  only  be  present  in  trace  amounts,  if  at  all.  Isomer  D-.I,  on  the  other 
hand,  possesses  an  unconjugated  double  bond  .system  and  conse(piently 
has  no  ultraviolet  absorption  at  wave  length  higher  than  240  niju  (7).  ()n 
the  basis  of  the  extremely  low  hypercalcemic  potency  of  D2IV/ jt  would 

’  In  view  of  the  fact  that  no  commereial  preparation  heretofore  available  has  utilized 
pure  crystalline  dihydrotachysterol,  it  seems  advisable  to  nder  to  the  commereial 
l)roducts  by  the  general  historical  term  “AT-10”  or  by  specific  brand  name,  e.g.,  Ky- 
takerol.  Dihydrotachysterol  should  be  used  only  when  referring  to  the  pure  comimund. 

*  It  has  been  reported  that  the  potencies,  relative  to  dihy'lrotachj’sterolj,  of  dihydro¬ 
vitamins  D2II,  IV,  V,  and  VI  are  0.2,  0.01-0.02,  0.6  and  0.4  respectively  (20). 
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Fig.  4.  Suggested  storeochemieal  strue- 
tures  of  tlie  various  dihydrovitamin  !)« 
isomers  reported  in  the  literature.  Isomer 
III  has  not  been  suffieiently  characterized. 
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seem  that  a  major  fraction  of  the  liypercalcemic  activity  of  Hytakerol  is 
due  to  (lihydrovitamin  Doll,  although  the  presence  of  other  dihydro  deriv¬ 
atives  cannot  be  excluded  on  the  basis  of  the  paper  chromatographic  .sepa¬ 
rations  alone. 

It  is  not  clear  how  the  manufacturing  proce.s.ses  for  commercially  pro- 
(luced  AT-10  have  evolved  through  the  years,  but  if  dihydrotachysterol 
were  indeed  the  major  constituent  of  the  original  AT-10  preparations, 
manufacturing  proce.s.ses  must  have  been  altered  con.siderably  since  that 
time.  Of  interest  in  this  regard  is  the  .statement  by  Albright  and  Reifenstein 
in  1948  (21)  that  AT-10  “is  available  in  oil  containing  1.25  mg.  per  cc. 
Prior  to  June,  1942,  the  same  preparation  was  labeled  5  mg.  per  cc.  becau.se 
of  the  pre.sence  of  then  unrecognized  inert  materials.” 

.\lthough  1  ml.  of  Hytakerol  is  labeled  as  being  equiv'alent  in  hypercal- 
cemic  activity  to  1.25  mg.  of  dihydrotachy.sterol,  our  studies  (10)  indicate 
that  it  is  in  fact  less  potent.  In  view  of  the  greater  content  of  ultraviolet 
absorbing  .sterol  per  ml.  (Table  2),  we  would  e.stimate  that  on  a  milligram 
for  milligram  basis  the  Hytakerol  sterol  is  on  the  order  of  |  as  potent  as 
crystalline  dihydrotachysterol,  in  agreement  with  the  reported  estimates 
of  the  potency  of  dihydrovitamin  Do  II  shown  in  footnote  8. 

Four  of  the  five  lots  of  Hytakerol  which  we  tested  contained  2.7  to  3.0 
times  the  labelled  (piantity  (1.25  mg./  ml.)  of  “dihydrotachysterol”  (Table 
2) :  one  lot  was  significantly  less  (by  5)  than  the  others  (Lot  060-SD).  Thus, 
variability  in  clinical  potency  between  different  lots  would  also  be  ex¬ 
pected.  As  crystalline  dihydrotachysteroL  is  now  available,  it  would  seem 
more  de.sirable  to  utilize  this  material,  if  indicated  for  clinical  management, 
in  preference  to  previously  available  commercial  preparations. 
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PLASMA  LEVELS  OF  “FREE”  PROGESTIN  DURING  THE 
ESTROUS  CYCLE  IN  THE  MOUSE' 

IRVING  GUTTENHERG 

Department  of  Anatomy,  Yale  University,  Xew  Haven,  Connecticut 
ABSTRACT 

T\v<‘iity-four  regularly  cycling  female  CHI  mice  were  exsanguinated  at 
known  points  in  the  estrous  cycle  (as  determined  by  vaginal  smear).  Their 
reprofUictive  tracts  were  removed  and  examined  histologically  to  confirm  the 
I)hase  of  the  cycle.  Plasma  samples  from  each  animal  were  bioassayed  for 
“free”  progestin,  and  the  results,  expressed  in  Progesterone  Equivalents 
(P.E.),  were  examined  in  relation  to  the  phases  of  the  cycle.  It  was  noted  that 
the  plasma  progestin  content  is  at  a  minimum  (0.5  P.P].  ml.)  in  diestrus, 
rises  to  a  maximum  during  proestrus  and  estrus  (average  about  4  P.E./ml.), 
and  then  decreases  in  metestrus-1  to  approach  the  minimum  in  metestrus-2. 

The  mouse  is  thus  added  to  the  list  of  animals  secreting  progestin  before 
ovulation. 

SINCE  the  development  of  the  Hooker-h'orbes  bio-assay  (1)  cyclic  varia¬ 
tions  in  plasma  progestin  levels  have  been  .studied  in  the  hen  (2),  rab¬ 
bit  (:i),  hamster  (4),  monkey  (5,  6),  and  woman  (7,  8,  9).  These  .studies 
demonstrated  the  presence  of  progestin  in  the  l>lood  prior  to  corpus  luteum 
formation.  Tlie  purpo.se  of  tlie  present  study  is  to  determine  the  peripheral 
blood  plasma  levels  of  “free”  progestin  during  the  various  pha.ses  of  the 
e.strous  cycle  of  the  mou.se,  with  particular  attention  to  the  preovulatory 
part  of  the  cycle.  Before  this  .study  it  was  not  known  whether  the  mouse 
secretes  progestin  prior  to  ovulation. 

MATERI.\LS  A\D  METHOD* 

The  estrous  cycles  of  101  female  mice,  aged  75  to  '  daj's,  of  the  highly  inbred  C'Hl 
strain  were  followed  by  means  of  wet  vaginal  smears  inrough  a  minimum  of  three  cycles 
to  determine  regularity  of  cycle.  Of  the  101  mice,  26  whose  cycles  showed  a  high  degree 
of  regularity  were  killed  by  exsanguination  at  various  phases  of  the  cycle  (as  determined 
by  vaginal  smear).  Their  reproductive  tracts  were  immefliately  removed  and  fixed  in 
I.avdowsky’s  fluid.  Later,  an  ov.ary,  the  uterus,  and  the  vagina  were  imbedded  in 
paraffin,  sectioned  serially  at  6/x,  stained,  and  examined  microscopically  to  confirm  the 
idiase  of  the  cycle. 

The  exsanguination  procedures  were  performed  between  10  .\.m.  and  2  p.m.  by  dividing 
the  carotid  sheath  with  the  mouse  under  light  ether  anesthesia.  The  draining  blood 
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(0.5  to  1.0  ml.)  was  collected  in  a  small  centrifuge  tube  containing  0.05  ml.  of  a  20% 
sodium  citrate  anticoagulant  solution  and  was  centrifuged  for  five  minutes.  The  plasma 
was  then  removed  by  a  syringe  and  added  drop  by  drop  to  10  ml.  of  acetone  at  0°  C, 
thereby  separating  the  “free”  (acetone-soluble)  and  “bound”  fractions  of  progestin. 
'Phe  tubes  were  stored  at  6°  C,  and  at  a  later  time  their  contents  were  bio-assayed  for 
“free”  progestin  by  the  method  of  Hooker  and  Forbes  (1). 

RESULTS 

Of  the  20  pla.sma  sample.s  obtained  for  this  study,  two  had  to  be  di.s- 
earded  l)et*ause  of  technical  difficulties. 

Using  the  criteria  de.scribed  by  E.  Allen  (10),  histological  examination  of 
the  reproductive  tracts  of  the  remaining  24  mice  definitely  established  that 
five  mice  were  in  diestrus  when  their  blood  samples  were  obtained;  eight,  in 
proestrus;  four,  in  estrus;  two,  in  metestrus-1 ;  and  five,  in  metestru.s-2. 

The  bio-assay  results  (P4g.  1)  are  expressed  in  terms  of  Progesterone 
Equivalents  (P.E.).  One  P.E.  is  equal  to  the  activitij  of  one  microgram  of 
progesterone  when  assayed  by  the  Hooker-Forbes  method  in  the  absence 
of  estrogen  or  other  interfering  factors  (10).  The  levels  of  “free”  progestin 
found  in  this  study  ranged  from  9.1  to  less  than  0.5  P.E./  ml.  plasma.  No 
attempt  was  made  to  define  subdivi.sions  of  each  phase  of  the  cycle,  all 


Fig.  1.  Plasma  progestin  levels  during  the  estrous  cycle  of  the  mouse.  The  dot  and 
arrow  symbol  means  that  less  than  the  indicated  level  of  hormone  was  present.  The 
broken  line  connects  the  median  values  for  the  phases. 
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.samples  for  each  pha.se  being  grouped  together  on  the  time  scale  of  tlie 
graph. 

When  median  values  for  each  pha.se  of  the  estrous  cycle  are  compared, 
it  appears  that  progestin  secretion  is  minimal  during  diestrus,  rises  to  a 
maximum  during  proestrus,  is  maintained  through  estrus,  and  then  de- 
crea.ses  in  metestrus-l  to  approach  the  minimum  in  mete.stru.s-2  (Fig.  1). 
(The  .single  low  value  at  estrus  and  the  single  very  high  value  during 
mete.strus-2  could  not  be  explained  by  examination  of  the  ovaries  or  the 
course  of  previous  estrous  cycles,  and  were  ascribed  to  technical  error.) 

DISCUSSION* 

The  range  of  values  ob.served  during  the  complete  cycle  in  this  .study 
(9.1  to  le.s.s  than  O.o  P.F.  ml.  plasma)  is  comparable  to  that  found  by 
Hooker  and  Forbes  in  a  study  of  plasma  progestin  levels  tluring  pregnancy 
in  the  mou.se  (approximately  8.5  to  less  than  0.5  P.F.  ml.  plasma)  (12). 
The  values  found  during  the  preovulatory  pha.se  of  the  mouse  cycle  are, 
however,  much  greater  than  those  which  have  been  observed  in  the  same 
pha.se  in  other  species  where  preovulatory  progestin  has  been  detected. 
While  the  values  ranged  from  9.1  to  2.4  P.F.  ml.  during  proestrus  in  the 
mouse,  maximal  preovulatory  levels  (based  on  relatively  few  determina- 
ations)  in  women  were  about  2.0  P.h].  ml.  (7);  in  monkeys,  1  or  2  P.h]. 
(5,  0);  in  rabbits,  about  3  P.F.  (3);  in  hamsters,  1.2  P.l*].  (4).  The  explana¬ 
tion  for  this  difference  is  not  known. 

The  detection  of  significant  levels  of  “free”  plasma  progestin  during  the 
preovulatory  phase  of  the  cycle  in  the  mou.se  is  not  an  entirely  surprising 
finding  in  view  of  the  evidence  which  has  been  accumulated  for  other 
mammals  over  the  past  thirty  years.  Observations  on  uterine  contractility 
in  the  rabbit  (13),  on  the  mating  behavior  of  the  guinea  pig  (14),  and  of  the 
rat  (15),  the  classical  study  of  the  changes  in  the  water  content  of  the  rat’s 
uterus  (10),  and  the  induction  of  ovulation  with  progesterone  in  persistent- 
e.strus  rats  (17,18)  provided  strong  physiological  evidence  for  the  preovula¬ 
tory  secretion  of  progesterone.  Significant  levels  of  progestin  have  since 
been  found  by  bio-a.ssay  in  the  plasma  of  the  preovulatory  hen  (2),  monkey 
(5,  0),  rabbit  (3),  hamster  (4),  and  woman  (7,  8,  9). 

The  source  of  the  plasma  progestin  detected  prior  to  corpus  luteum  for¬ 
mation  is  uncertain,  but  appears  to  be  the  Graafian  follicle.  Corner  has 
de.scribed  luteal-like  changes  in  the  theca  interna  cells  of  the  mature  follicle 
of  the  sow  (19).  Dawson  and  Friedgood  (20)  suggested  the  granulosa  of  the 
preovulatory  follicle  of  the  cat  as  a  .source  of  progesterone.  Subsequently, 
scattered  luteal  cells  were  ob.served  in  the  walls  of  the  follicles  of  .several 
.species  including  the  mouse  (10).  Fdgar,  using  a  physico-chemical  assay 
method,  detected  significant  levels  of  progesterone  in  the  Graafian  follicles 
of  the  cow  and  the  sow,  and  in  a  vein  draining  the  ovary  of  the  ewe,  prior 
to  ovulation  (21,  22).  Zander  has  isolated  the  hormone  from  the  mature 
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liuman  ovarian  follicle  (23).  It  is  possible  that  in  the  mouse  progesterone 
is  protluced  by  a  non-ovarian  source,  but  the  fact  that  blood  from  the  ovar- 
iectomized  mouse  gives  a  negative  bio-assay  response  (1)  argues  against 
this. 

The  exact  nature  of  the  hormone  assessed  by  the  bio-assay  is  unknown. 
J’klgar  et  al.  have  shown  that  the  bio-assay  can  detect  a  minimal  level  of 
progestin  in  blood  when  chemical  analysis  cannot  detect  progesterone  (24). 
Although  specificity  tests  demonstrated  that  the  bio-assay  is  relatively 
insensitive  to  32  compounds  thought  to  be  related  to  or  contaminants  of 
progesterone  (1,  25,  2(i),  two  naturally  occurring  metabolites,  A^-3-keto- 
pregnene-20a-ol,  and  A^-3-ketopregnene-20(S-ol,  have  been  found  to  elicit 
positive  bio-assay  responses  in  low  concentrations  (27).  Moreover,  certain 
ratios  of  progesterone  to  estrogen  in  the  sample  being  analyzed  can  have  a 
svnergistic  or  antagonistic  effect  on  the  sensitivity  of  the  nuclear  response 
(28,  29). 
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A  STUDY  OF  THE  PARTURIENT  UTERUS  WITH  THE 
MIUROELECTRODE  TEC’HNIQUE' 
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The  Rockefeller  Institute,  \ew  York,  X.  1’. 

ABSTRACT 

The  membrane  potential  of  the  post-partum  uterus  (estrogen-dominated) 
measured  in  single  cells  which  microelectrodes  during  prolonged  recording  of 
membrane  activity  is  about  45-50  mV,  whereas  that  of  late  pregnancy  is  about 
55-60  mV.  The  post-partum  uterus  periodically  discharges  trains  of  action 
potentials  of  considerable  regularity  in  contrast  to  the  irregular  train  discharges 
of  the  late  pregnant  uterus.  During  and  after  parturition  the  membrane  activity 
of  the  impaled  cell  is  in  synchrony  with  the  mechanical  response,  recorded 
from  the  uterine  strip  as  a  whole,  because  activity  readily  spreads  in  all  direc¬ 
tions.  In  the  late  pregnant  uterus  propagation  is  suppressed  and  membrane  and 
myoplasmic  activity  are  asynchronous.  When  labor  is  delayed  by  progesterone 
treatment  the  electrical  and  mechanical  properties  of  the  uterus  are  that  of  late 
l)regnancy.  Electrical  activity  is  often  preceded  by  prepotentials  or  slow  de¬ 
polarization  waves  which  lower  the  threshold  of  excitability.  These  non-proj)- 
agating  cyclic  ilepolarizations  are  not  generated  at  specific  anatomical  sites. 

O.xytocin  lowers  the  membrane  potential  of  the  parturient  and  post-partum 
uterus  and  potentiates  the  train  discharge.  Ca-deficiency  deiiolarizes  the 
membrane  and  suspends  membrane  activitj'.  Oxytocin  becomes  ineffective.  A 
trace  of  C'a  (0.12-0.25  niM)  slightly  increases  the  membrane  potential  and  re¬ 
stores  the  oxytocin  response.  However,  under  these  conditions  oxytocin  hyper- 
polarizes  the  membrane. 

In  vitro  progesterone  treatment  of  the  parturient  or  post-partum  uterus 
suspends  membrane  and  myoplasmic  activity.  The  membrane  is  slightly 
hyperpolarized  and  the  action  potentials  gradually  diminish. 

IN  THIS  study  the  membrane  and  myoplasmic  activity  of  the  uterus  is 
correlated  under  a  variety  of  endocrine  conditions,  ie.  before,  during 
and  shortly  after  delivery  using  two  independent  methods,  the  intracellular 
microelectrode  and  the  sucrose  gap  techniques.  This  paper  reports  the 
observations  made  with  intracellular  microelectrodes  (1).  Another  article 
in  this  volume  describes  the  experiments  with  the  sucrose  gap  (2). 

A  persistent  problem  in  the  electrophysiological  investigation  of  smooth 
muscle  is  the  discrepancy  between  the  theoretical  and  measured  values  of 
the  membrane  potentials.  As  pointed  out  (3)  the  calculated  membrane 
potential  of  the  estrogen-dominated  uterus,  computed  from  Horvath’s  (4) 
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data  on  the  [K]  outside  and  inside  of  the  myometrial  cell,  is  about  82  mV, 
wliereas  the  measured  value  is  about  43-48  mV  (5,  6)  or  55  mV  (7).  Al¬ 
though  the  membrane  potential  of  the  progesterone-dominated  uterus  is 
some  10  mV  greater,  and  one  often  records  values  as  high  as  70  mV,  the 
discrepancy  between  the  means  of  the  measured  potentials  and  the  calcu¬ 
lated  value  remains.  This  discrepancy  is  widely  recognized  by  other  inves¬ 
tigators  and  all  observers  uniformly  report  low  membrane  potentials  of 
large  scatter  in  smooth  muscles  (1,  5-22). 

It  is  important  to  determine  whether  the  low  membrane  potential  is  a 
genuine  property  or  an  artifact  due  to  the  damaging  effect  of  the  penetrat¬ 
ing  microelectrode  on  the  smooth  muscle  cell.  Indeed  one  frefiuently  ob¬ 
serves  a  gradual  fall  in  the  membrane  potential  after  penetration,  and  also 
a  great  scatter  of  values  when  a  large  number  of  cells  are  impaled.  These 
symptoms  of  damage  are  implicated  in  some  of  the  published  reports. 
However  in  more  recent  work,  when  the  microelectrodes  were  successfully 
kept  inside  myometrial  cells  for  several  minutes,  the  membrane  potential 
of  the  resting  cell  was  stable,  although  trains  of  action  potentials  induced 
strong  mechanical  activity  periodically.  In  spite  of  the  stability  of  the 
membrane  potential  during  prolonged  recording,  the  measured  values  were 
less  than  that  calculated  from  the  ratio  [K]i/[K]o  (1,  5,  G,  7). 

In  the  present  article  we  do  not  attempt  to  explain  low  membrane 
potential  values  of  the  myometrial  cell  because  our  present  experiments  do 
not  provide  sufficient  evidence  for  a  firm  conclu.sion.  Certain  possibilities 
will  be  discussed  in  the  .subsequent  paper.  We  will  present,  however  a 
number  of  records  illustrating  the  stability  of  the  membrane  potential  of 
the  impaled  cell  during  prolonged  observation.  If  the  penetrating  micro¬ 
electrode  damages  the  cell  membrane,  this  injury  apparently  does  not 
increase  with  time  since  the  resting  potential  remains  at  a  constant  level 
throughout  the  period  of  impalement.  The  initial  injury,  however,  may 
reduce  the  membrane  potential  and  if  so  the  actual  values  may  be  higher 
than  tho.se  recorded. 

Thus,  in  spite  of  prolonged  recording  of  the  membrane  potential  and  its 
apparent  .stability  some  uncertainties  remain  concerning  its  absolute  value, 
and  it  appears  rewarding  to  substantiate  microelectrode  observations  on 
relative  changes,  at  least,  with  an  independent  method.  Biilbring  and  her 
colleagues  (23)  successfully  applied  both  the  microelectrode  and  sucrose 
gap  techniques  in  experiments  with  the  taenia  coli  of  the  guinea  pig.  This 
and  the  following  article  (24)  report  a  series  of  observations  employing 
these  two  methods  using  two  strips  of  the  same  uterus.  A  quick  pilot  experi¬ 
ment  was  usually  carried  out  on  a  third  strip  recording  only  isometric 
ten.sion,  in  order  to  determine  endocrine  conditions,  ionic  effects,  effective 
drug  concentrations,  etc.  The  re.sults  of  these  parallel  experiments  are  in 
good  agreement. 


1012 


KURIYAMA  AND  CSAPO 


Volume  6S 


MATERIAL  AND  METHODS 

The  experiments  were  performed  on  uterine  strips  obtained  from  05  Sprague- Dawley 
white  rats  and  30  New  Zealand  white  rabbits.  Out  of  these,  10  rats  and  3  rabbits  were 
used  in  the  parallel  experiments  with  the  intracellular  microelectrode  and  sucrose  gaj) 
methods.  The  uteri  of  the  remaining  animals  were  studied  by  mieroelectrodes  only. 
Typical  examples  were  selected  for  illustration  in  this  article  from  a  large  number  of 
records,  obtained  after  the  successful  penetration,  with  microelectrodes,  of  several 
hundred  mj’ometrial  cells.  Most  of  the  observations  were  made  t>n  the  post-partum 
uterus,  whose  spontaneous  membrane  activity  is  generallj-  regular.  In  order  to  indicate 
the  full  spectrum  of  our  observations,  however,  we  will  show  certain  types  of  irregularities 
in  membrane  activity. 

The  method  of  excising  the  uterus,  the  mounting  of  the  strijis  in  the  experimental 
chamber,  the  preparation  of  the  mieroelectrodes  and  our  exi)erimental  setup  has  been 
described  in  a  previous  paper  (6).  In  the  present  experiments  we  worked  at  a  temperature 
of  35°  C  +  l°  C.  Only  one  end  of  the  uterine  strip  was  fixed  by  pinning  it  on  a  paraffin 
block.  The  other  end  was  connected  to  a  Grass  strain  gauge  (FT  02)  whose  output  was 
displayed  on  one  beam  of  a  dual  beam  oscilloscope  (Tektronix,  type  502),  the  other 
beam  being  used  for  recording  membrane  activitj'. 

The  stage  of  gestation,  hormone  treatment  and  other  variables  will  be  described 
under  Results.  Figures  were  retouched  to  improve  contrast  for  rei)roduction. 


RESULTS 

The  relation  between  membrane  and  myoplasmic  aetivity 

It  is  well  known  from  experiments  on  frog  muscle  (see  for  leferences 
(25,  2G,  27))  that  a  single  action  potential  triggers  a  twitch,  a  series  of 
action  potentials  of  low  frequency  gives  rise  to  an  incomplete  tetanus, 
whereas  action  potentials  of  sufficient  frequency  initiate  a  smooth  tetanus. 
It  is  also  well  established  that  the  frequency  of  the  action  potential  dis¬ 
charge  and  the  duration  of  the  train  of  action  potentials  are  important 
because  they  determine  the  maintenance  and  duration  respectively  of  the 
active  state. 

Our  expeiments  as  well  as  those  previously  reported  (7,  15,  20)  show  that 
there  is  a  clear  relation  between  action  potential  di.scharge  and  mechanical 
activity  in  uterine  muscle.  This  observation,  however,  is  seldom  made 
because  the  spontaneou-sly  active  uterus  usually  discharges  repetitive  action 
potentials  rather  than  a  single  spike.  Occasionally,  however,  it  is  possible 
to  see,  as  illustrated  bj'  Figure  1,  the  twitch,  incomplete  tetanus  and  com¬ 
plete  tetanus  occurring  in  sequence.  This  record  was  obtained  during  the 
early  phase  of  an  oxytocin  response  to  a  threshold  dose  of  the  drug.  The 
unstimulated  parturient  rabbit  uterus  used  in  this  experiment  is  relatively 
quiescent  during  the  first  hours  of  exposure  to  Krebs  solution  in  vitro. 

Thus  it  appears  that  the  mechanical  activity  can  be  graded  from  a  twitch 
to  a  maximum  tetanus  by  the  frequency  of  the  action  potentials  and  by  the 
duration  of  the  train  discharge.  This  relationship  between  membrane  and 
myoplasmic  activity  is  of  special  significance  in  spontaneously  active 
smooth  muscles,  since  factors  affecting  spontaneous  membrane  discharge 
can  control  contractile  activitj% 
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Fig.  1.  Parturient  rabbit  uterus,  treated  with  a  tlireshold  concentration  of  oxytocin. 
Recording  is  made  during  the  initial  phase  of  the  muscle  response.  Note  the  relationship 
between  action  imtential  and  mechanical  activity. 

Membrane  activity  in  the  post-partum  rat  uterus 

In  the  rat  uterus  shortly  after  delivery  several  successive  cycles  of  mem- 
hrane  and  myoplasmic  acti\’ity  can  be  recorded  without  reiinpalement. 
This  uterus  is  especially  suited  for  the  .study  of  spontaneous  activity  in 
that  the  action  potentials  are  dischared  in  regular,  fretiuent  intervals  and 
membrane  activity  is  .synchronous  with  myoplasmic  activity. 

Figure  2  is  a  record,  illustrating  a  typical  finding.  The  membrane  poten¬ 
tial  is  stable  (at  oO  mV)  throughout  the  observation  when  the  impaled  cell 


2  sec. 

Fig.  2.  Rat  uterus,  post-partum.  Spontaneous  membrane  activity  is  recorded  from  one 
cell,  without  reimpalement,  whereas  mechanical  activity  is  recorded  from  the  whole  uterine 
strip.  Note  the  regularity  of  the  train  discharge,  the  stability  of  the  membrane  potential 
when  the  impaled  cell  is  at  rest  and  the  synchrony  between  membrane  and  myoplasmic 
activity. 
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is  at  rest.  The  action  potentials  are  regular  having  an  amplitude  of  40-50 
mV  and  a  frequency  of  about  1  per  second.  A  train  discharge  consists  of 
about  30  action  potentials.  The  train  appears  at  intervals  of  about  50 
.seconds  and  lasts  for  about  25  seconds. 

The  relative  regularity  of  both  membrane  and  myoplasmic  activity  and 
the  .synchrony  of  the  two  seen  in  this  record  is  significant  in  view  of  the 
fact  that  membrane  activity  is  recorded  from  one  mvometrial  cell  only, 
whereas  the  mechanical  response  from  the  whole  strip.  The  synchrony  is 
indicative  of  good  propagation,  whereas  the  stability  of  the  membrane  and 
the  uniformity  of  the  action  potentials  throughout  the  ob.servation  suggest 
that  the  initial  damage  resulting  from  impalement  does  not  increase  during 
the  period  of  observation.  It  is,  therefore  of  interest  that  the  membrane 
potential  in  this  condition  averages  only  50  mV.  The  post-partum  rabbit 
uterus  displays  quite  similar  activity,  which  however  is  very  infrequent  for 
a  period  of  about  12  hours  after  delivery  (1). 

Variations  in  the  membrane  activity  of  the  post-partum  rat  uterus 

Membrane  activity  of  the  post-partum  uterus  may  show  considerable 
variations  (Table  1)  not  only  from  one  animal  to  another  but  also  in  differ¬ 
ent  portions  of  the  same  uterus.  In  our  experiments  with  the  rat  and  rabbit 
uterus  we  usually  see  three  types  of  train  discharges.  One  type  is  charac¬ 
teristically  preceded  by  a  slow  depolarization  wav’e,  whereas  in  the  second 
type  each  action  potential  in  the  train  is  preceded  by  a  prepotential.  In  the 
third  type  we  see  train  discharges  without  preceding  slow  waves  or  prepo- 
tentials.  Figure  3  is  a  record  illustrating  characteristic  variations  in  the 
prepotentials  preceding  the  action  potentials.  These  train  discharges  are 
recorded  from  three  different  cells  of  the  same  uterine  .strip.  No  marked 


Table  1.  Acxio.v  potentials  ok  the  parti  riext  and  post-parti  m  rat  uterus 


1 

! 

No.  of  eases 
measured 

Range 

Mean 

S.D. 

S.K. 

Amplitude  mV  i 

115 

25  -  05 

44 

5.1 

0.5 

Duratioii  (50' J)  msec. 

30 

27  —  75 

47 

10.0 

3.1 

Number  in  one  train  ! 

45 

13  -117 

44 

21 .0 

3.1 

Fre{4ueney  .see. 

80 

0.32-  1.8 

0.73 

0.27 

0.02 

Prepotentiuls  of  the  Parturient  anil  Post-partum  fiat  Uterus 

.\mplitude  mV 

43 

2  -  11 

5.5 

2.0 

0.4 

Duration  see. 

43 

0.08-  1.2 

0.49 

0.32 

0.02 

Slow  tr 

aves  of  the  Parturient  and  Post-partum  Rat  Uterus 

.■Vmplitude  mV 

0 

5  -  13 

7 .5 

2.8 

0.9 

Duration  see. 

9 

7  -  23 

15 

3.8 

1.3 

Membrane  Potential  of  the  Parturient  and  Post-partum  Rat  Uterus 

Magnitude  mV 

130 

32  -  70 

48 

5.3 

0.48 
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Eig.  3.  Rat  uterus,  post-partum.  Spon¬ 
taneous  membrane  activity  is  recorded 
from  three  cells  of  the  same  uterine  strip. 
Note  the  differences  in  the  prepotentials. 


2  sec. 


prepotentiaLs  are  seen  in  the  action  potentials  discharged  by  tlie  first  cell 
whereas  the  action  potentials  of  the  second  and  third  cells  are  preceded  by 
distinct  prepotentials. 

The  pacemaker  area  in  heart  muscle  di.scharges  action  potentials  with 
marked  prepotentials  (28,  29).  But  whereas  in  the  heart  the  pacemaker 
area  has  a  well  defined  anatomical  location,  in  the  uterus  the  cells  dis¬ 
charging  prepotentials  are  not  limited  to  distinct  anatomical  sites.  Our 
observations  .suggest  that  every  myornetrial  cell  is  a  potential  pacemaker 
since  we  can  record  prepotentials  from  cells  along  the  entire  length  of  the 
uterine  horn.  It  appears  reasonable  to  assume  that  in  the  parturient  uterus 
the  cells  which  first  recover  from  the  progesterone  block  become  pace¬ 
makers. 

The  magnitude  of  the  prepotential  has  considerable  variation  (see  Table 
1).  As  will  be  discussed  later,  the  prepotential  may  or  may  not  give  rise  to 
a  propagated  action  potential,  .since  its  effect  depends  on  the  threshold  of 
the  cell  and  perhaps  on  the  time  of  its  arrival  during  the  refractory  period 
of  the  cell  membrane. 

The  prepotentials  are  to  be  distinguished  from  the  “slow  waves”  de¬ 
scribed  by  Bozler  (80).  The  slow  depolarization  waves  preceding  the  train 
di.scharge  have  a  distinctly  different  time  course  from  that  of  the  prepo¬ 
tentials.  Figure  4  is  a  record,  illustrating  the  characteristic  slow  depolariza¬ 
tion  waves  (see  also  Table  1).  It  also  illu.strates  that  depolarization  may 
continue  after  the  first  action  potential  is  discharged  and  that  this  .slow 
continued  depolarization  coincides  with  an  increase  in  .spike  frequency  and 
a  decrea.se  in  spike  amplitude.  During  the  second  half  of  the  train  the  mem¬ 
brane  and  action  potentials  increa.se  while  the  di.scharge  frequency  de- 
crea.ses.  This  type  of  train  discharge  is  similar  to  that  ob.served  by  Biilbring 
et  al.  (28)  in  the  taenia  coli  of  the  guinea  pig.  We  do  not  frecjuently  record 
these  slow  depolarization  waves  in  the  myometrium. 
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I'lG.  4.  Rat  uterus,  post-partum.  Membrane  aetivity  is  recornen  from  different  cells  at 
different  areas  of  the  same  uterine  strip.  Note  the  slow  depolarization  waves  preceding 
the  trains  of  action  potentials.  Note  also  the  inverse  relation  between  frequency  and 
spike  amplitude,  with  flepolarization  and  repolarization  respectively. 

We  believe  that  the  membrane  activity  recorded  in  tliese  experiments  is 
genuine.  Figure  o  is  a  record  illustrating  a  drop  in  membrane  and  action 
potentials  almost  certainly  due  to  membrane  damage  or  to  dislocation  of 
the  electrode  from  the  cell  during  membrane  activity.  We  con.sider  this 
type  of  change  in  membrane  and  action  potentials  an  artifact. 


Fig.  5.  Rat  uterus,  post-partum.  .\  decrease  in  membrane  and  action  potentials  is 
illustrated  during  the  recording  of  a  train  discharge.  This  type  of  sudden  change  is 
most  likelv  an  artifact. 
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Our  present  understanding  of  the  nature  and  significance  of  the  varia¬ 
tions  in  membrane  activity  is  inadequate.  In  the  post-partum  uterus  we 
usually  observe  regular  membrane  activity,  but  occasionally  the  train 
discharge  is  irregular,  h^igure  (5  illustrates  typical  irregularities  when  trains 
of  action  potentials  seem  to  be  composed  of  two  train  discharges  superim¬ 
posed  on  one  another.  There  are  alternate  explanations  for  this  kind  of 
membrane  activity.  The  action  potentials  may  be  generated  in  the  impaled 
cell  or  may  originate  from  adjacent  cells.  The  change  in  spike  amplitude 
may  result  from  a  change  in  the  duration  of  the  refractory  period  or  from 
the  timing  of  the  spike  in  relation  to  the  refractory  period.  It  is  also  pos¬ 
sible  that  a  self-generated  train  becomes  contaminated  by  the  superim¬ 
posed  activity  of  neighboring  cells.  Our  present  experiments  do  not  allow 
us  to  distinguish  between  these  possibilities. 

Our  observations  provide  us  with  evidence  for  the  spread  of  activity 
from  one  cell  to  the  next,  but  they  do  not  reveal  the  mechanism  of  propaga¬ 
tion.  We  do  not  know  with  certainty  whether  the  uterus  is  a  structural  or 
functional  syncytium,  and  if  the  latter,  whether  conduction  only  involves 
electrical  continuity  or  is  mediated  by  way  of  a  chemical  transmitter.  The 
problem  of  conduction  in  smooth  muscle  has  been  discussed  by  Sperelakis 
and  Prosser  (22). 


Fig.  ().  Rat  uterus,  post-partum.  Both 
records  illustrate  irregular  trains  of  action 
potentials  which  seem  to  be  composed  of 
two  superimposed  train  discharges.  Note 
the  gradual  increase  in  sjiike  height  of  the 
suppressed  train  discharge  as  activity  con¬ 
tinues.  Note  also  the  effect  of  freciueney  on 
spike  height. 


2  sec. 


(loto,  Kuriyama  and  Abe  (31)  found  that  the  “velocity  of  propagation” 
of  the  action  potential  in  the  mou.se  uterus  is  2-100  cm  .sec.  The  velocity  of 
spread  depends  on  the  di.stance  between  the  stimulating  and  recording 
electrodes  and  the  location  of  the  electrodes,  that  is,  whether  they  are  in 
the  same  or  in  different  fiber  bundles. 

The  action  potential 

The  shape  and  magnitude  of  the  action  potential  in  nerve  and  muscle 
has  been  well  accounted  for  by  the  ionic  theory  of  Hodgkin,  Katz  and 
Huxley  (see  for  references  32).  Special  emphasis  was  put  on  the  “over¬ 
shoot,”  the  short-lived  reversal  of  the  membrane  potential,  predicted  by 
the  ionic  theoiy.  The  first  claim  of  similar  observations  in  my’ometrial  cells 
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Fig.  7.  Rat  uterus,  post-partuni.  The 
continuous  horizontal  line  indicates  zero 
potential.  The  action  potentials  are  re¬ 
corded  from  different  cells  of  different 
uteri.  Note  the  overshoot. 


was  made  by  Woodbury  and  McIntyre  (13),  and  later  by  Jung  (17),  l)ut 
these  demonstrations  were  not  fully  convincing  in  view  of  the  fact  that 
overshoots  were  observed  at  membrane  potentials  as  low  as  30-40  mV. 
We  .seldom  record  overshoots  in  action  potentials  discharged  by  myome- 
trial  cells,  and  never  at  membrane  potentials  below  45  mV. 

When  the  membrane  potential  is  high  and  relatively  stable,  as  is  the 
ca.se  at  the  end  of  pregnancy  in  the  rabbit,  the  myometrium  is  under 
partial  block,  and  the  action  potentials  are  irregular  and  are  not  in  .syn¬ 
chrony  with  the  mechanical  response.  It  is  the  parturient  or  post-partum 
uterus  which  displays  regular  electrical  activity  well  synchronized  with  the 
mechanical  response.  Action  potentials  from  these  uteri  sometimes  over¬ 
shoot  as  illustrated  by  Figure  7.  There  .seems  to  be  a  correlation  between 
the  magnitude  of  the  potential  and  overshoot. 


2  sec. 

Fig.  8.  Rat  uterus.  Upper  left:  19th  day  of  pregnancy;  upper  right:  2.3rd  daj’  of 
pregnancy,  parturition  being  delayed  by  progesterone  treatment  (3  mg. /day  in  oil, 
i.m.).  Lower  record:  post-partum.  Note  the  irregularitj'  and  small  amplitude  of  the 
action  jjotentials  and  the  asynchrony  between  membrane  and  myoplasmic  activity  in  the 
pregnant  uteri  as  opposed  to  the  post-partum  uterus. 
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The  progesterone-dominated  uterus 

Tlius  far  we  have  described  the  characteristic  membrane  activity  of  the 
post-partum  uterus.  The  uteri  we  have  obtained  during  the  short  act  of 
parturition  showed  spontaneous  activity  of  essentially  similar  type,  but 
less  frequent.  If  the  animal  is  sacrificed  48  hours  before  parturition  or 
delivery  is  postponed  by  progesterone  treatment  for  24-48  hours  a  different 
type  of  membrane  activity  is  observed.  Figure  8  illustrates  a  set  of  typical 
records  obtained  in  the  uteri  of  such  animals.  The  amplitude  of  the  action 
potentials  show  great  variation  and  very  often  only  local  potentials  are 
recorded.  The  train  of  action  potentials  is  not  in  synchrony  with  the 
mechanical  response.  If  a  train  discharge  is  in  synchrony  with  the  mechani¬ 
cal  response,  which  is  seldom  the  case,  the  train  is  irregular  in  that  the 
action  potentials  differ  among  themselves  and  are  often  of  unusual  shape. 
Such  membrane  activity  gives  rise  to  irregular  mechanical  activity  as 
previously  descril^ed  (3,  33,  34,  35). 

Progesterone  blocks  propagated  membrane  activity  at  a  high  membrane 
potential  both  in  rats  and  rabbits  (6,  7).  The  late  pregnant  rabbit  uterus, 
like  that  of  the  rat,  usually  discharges  irregular  action  potentials  of  small 


Fig.  9.  Parturient  rabbit  and  rat  uterus.  The  records  illustrate  the  in  vitro  effect  of 
10  /ug/ml.  progesterone  on  the  mechanical  and  electrical  activity  of  the  uterus.  The 
rabbit  uterus  is  driven  by  o.xytocin  throughout  the  experiment,  whereas  the  rat  uterus  is 
stimulated  spontaneously.  Note  the  decrease  and  return  of  activity  on  addition  and 
withdrawal  respectively  of  in  vitro  progesterone. 
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amplitude  and  the  train  discharges  are  not  in  synchrony  with  tlie  mechan¬ 
ical  response.  After  several  hours  of  perfusion  in  vitro  the  action  potentials 
improve  slightly.  The  asynchrony  between  membrane  and  myoplasmic 
activity  cannot  be  corrected  by  oxytocin. 

The  in  vitro  progesterone  ejfeet 

Both  spontaneous  and  oxytocin-induced  activity  of  the  parturient  uterus 
are  suppressed  or  .suspended  by  in  vitro  treatment  with  10  mK  pio- 
gesterone.  The  membrane  becomes  slightly  hyperpolarized.  The  action 
potentials  diminish  in  size  until  only  local  potentials  remain  as  illustrated 
by  Figure  9.  Repeated  rinsing  with  normal  Krebs  .solution  results  in  com¬ 
plete  recovery  of  membrane  and  myoplasmic  activity.  This  effect  of  pro¬ 
gesterone  on  membrane  activity  explains  the  ob.servation  (38,  36)  that  in 
vitro  progesterone  treatment  reduces  or  suspends  the  excitability  and 
mechanical  activity  of  the  uterus.  It  is  of  interest  to  note  that  Schofield  and 
Cllenn  (37)  were  unable  to  reproduce  these  effects  of  progesterone  on 
the  uterus  in  situ.  Experiments  using  4-C‘^  progesterone  showed  that 
in  sitri  treatment  could  not  approximate  the  progesterone  concentration  of 
the  uterus  treated  in  vitro.  Furthermore,  if  the  in  vitro  experiment  was 
carried  out  in  plasma  rather  than  in  Krebs,  1.5  times  more  progesterone 
was  needed  to  obtain  a  comparable  effect  on  excitability. 

The  ox  y  toe  in  effect 

The  effect  of  oxytocin  on  the  membrane  and  mechanical  activity  of  the 
uterus  has  been  previously  studied  (1,  12,  13,  20,  34,  38,  39).  Apparently  a 
prerequisite  for  the  regulating  effect  of  oxytocin  is  that  the  myometrial 
cell  either  is  di.scharging  regular  trains  of  action  potentials  or  is  capable  of 
doing  so.  If  regular  membrane  activity  is  absent  as  is  the  case  in  the  im¬ 
mature,  in  the  progesterone-dominated,  in  the  K  depolarized,  and  in  the 
“Ca-deficient”  uterus,  oxytocin  is  ineffective. 

The  characteristic  oxytocin  effects  are  an  increa.se  in  the  frecpiency  and 
number  of  the  action  potentials  as  illustrated  by  Figure  10.  The  trains  of 
action  potentials  also  appear  more  frequently,  increasing  the  repetition 
frequency  of  the  mechanical  activity.  Threshold  concentrations  of  oxytocin 
slightly  depolarize  the  membrane  without  decreasing  .significantly  the 
spike  height.  Higher  concentrations  reduce  the  magnitude  of  both  mem¬ 
brane  and  action  potentials  markedly,  and  in  extreme  cases  re.sult  in 
contractures.  The  effective  oxytocin  concentration  is  determined  by  the 
endocrine  condition  of  the  uterus  (34). 

When  the  membrane  potential  is  at  about  50  mV  as  is  the  ca.se  in  the 
parturient  uterus,  the  oxytocin  effect  (0.5-50  mU  ml.)  often  involves  a 
periodic  slight  slow  depolarization  wave  preceding  the  train  discharge.  If 
the  membrane  is  depolarized  by  about  20  mV  by  Ca-deficiency,  oxytocin  is 
ineffective.  But  if  the  membrane  potential  of  the  Ca-deficient  uterus  is 
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2  sec. 

Fig.  10.  Rat  uterus,  post-partum.  Epper  record:  spontaneous  activity;  lower  record: 
50  /au/inl.  oxytocin.  Note  the  increase  in  the  frequency  and  in  the  number  of  tlie  action 
|)otentials. 


sli{»;htly  increased  by  partial  replacement  of  Ca  (1  10-1  20  of  the  normal 
Krebs  Ca),  oxytocin  increases  the  membrane  potential,  spike  height  and 
frecpiency  (F''igure  11).  It  appears  that  oxytocin  brings  the  membrane 
potential  close  to  the  “firing  range”  by  a  depolarizing  or  hyperpolarizing 
action  respectively,  depending  on  the  level  of  the  membrane  potential 
before  oxytocin  treatment.  The  change  of  membrane  potential  and  the 
sub.sequent  effects  in  the  train  discharge,  as.sociated  with  oxytocin  treat¬ 
ment,  signal  some  significant  but  as  yet  unknown  change  in  the  physical 
properties  of  the  excitable  membrane.  Participation  of  the  Ca  ion  in  this 
change  is  .strongly  implicated.  An  alteration  in  the  physical  state  of  the 


2  SK 

Fig.  11.  Parturient  rabbit  uterus,  driven  by  oxytocin.  I’liper  row:  the  uterine  strip 
is  rinsed  in  Ca-free  Krebs.  Note  the  suspension  of  membrane  and  myoiilasmic  activity 
and  also  tlie  droj)  in  membrane  potential.  Lower  row:  0.3  m.M  CaC'lj  is  restored  to  the 
Krebs  and  the  oxytocin  concentration  is  increased  in  steps.  Note  the  increase  in  mem¬ 
brane  potential  and  the  return  of  membrane  and  myoplasmic  activity. 
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membrane  could  lead  to  permeability  change.s  affecting  the  activity  of  the 
membrane  (40). 


DISCUSSION 

The  relationship  between  membrane  and  myoplasmic  activity  of  the 
uterus  is  significant  because  it  explains  how  spontaneous  membrane  activ¬ 
ity  can  grade  and  thus  control  myometrial  activity.  Regulatory  agents  can 
.><et  mechanical  activity  at  any  desired  level  by  altering  the  frequency  of 
the  action  potentials.  In  the  progesterone-dominated  uterus  one  records 
spikes  with  characteristically  reduced  amplitiule.  Hut  this  regulatory 
effect  may  result  from  disturbances  in  propagation,  rather  than  from  a 
primary  effect  on  the  action  potential  it.^^elf.  By  affecting  the  train  dis¬ 
charge,  regulatory  agents  can  control  function  in  smooth  muscle  organs, 
without  the  nece.s.sity  of  influencing  the  contractile  system  directly. 

Progesterone  dominance  during  pregnancy  or  in  the  non-pregnant  ani¬ 
mal  is  associated  with  a  high  memlirane  potential  in  the  myometrium  (0,  7) 
and  a  block  of  conduction  34,  35,  41,  42).  The  post-partum  uterus 
displays  regular  spontaneous  membrane  and  myoplasmic  activity,  most 
likely  as  a  result  of  the  withdrawal  of  the  progesterone  block.  As  the 
membrane  potential  drops  toward  the  "firing  range,”  during  and  shortly 
after  delivery,  more  and  more  cells  become  capable  of  discharging  action 
potentials.  PYirthermore,  the  train  discharge,  initiated  by  any  "pacemaker” 
cell  is  propagated  to  a  con.siderable  distance  in  all  directions.  All  this 
facilitates  .'synchronous  membrane  and  myoplasmic  activity. 

The  change  in  the  properties  of  the  excitable  membrane  of  the  myome¬ 
trial  cell  prior  to  and  during  parturition  is  a  .singificant  biological  phe¬ 
nomenon  far  from  being  understood.  Even  during  parturition  the  membrane 
potential  is  slightly  above  the  "firing  range”  during  rest  and  a  prepotential 
or  a  "slow  wave”  must  be  generated  by  certain  cells  for  triggering  a  train 
of  action  potentials.  These  electrotonic  potential  changes,  however,  are  not 
nece.ssarily  mediated  by  the  electrical  activity  of  the  impaled  cell.  The 
processes  initiating  these  cyclic  depolarizations  and  their  anatomical 
location  in  uterine  mu.scle  are  not  known.  Regulatory  agents  such  as 
o.xytocin,  acetylcholine,  serotonin,  etc.  are  capable  of  inducing  these 
changes  (13,  20,  39,  40). 

Jung  (40)  reported  that  oxytocin  changes  the  permeability  of  the  my¬ 
ometrial  cell  membrane,  an  effect  which  may  not  be  the  primary  action  of 
oxytocin  but  a  consequence  of  it.  If  a  uterine  strip  is  rendered  "inexcitable” 
by  "Ca-deficiencj’,”  its  membrane  potential  is  reduced  to  25-30  mV  and  it 
does  not  respond  to  oxytocin,  but  remains  fully  contractile  (39).  Ca  con¬ 
centrations  of  0.12-0.25  mM  increase  the  membrane  potential  slightly,  and 
restore  both  excitability  and  pharmacological  respon.se  to  some  extent. 
O.xytocin,  under  these  conditions,  hyperpolarizes  rather  than  depolarizes 
the  membrane  before  a  train  of  action  potentials  is  discharged  (1,  2).  This 
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effect  of  oxytocin  is  similar  to  the  synaptic  inliibitory  neurone  activity  in 
crustacean  stretch  receptors  described  by  Kuffler  (4:i).  In  the  stretch 
receptors  the  direction  of  the  change  in  meml)rane  potential,  elicited  by  the 
inhibitory  impulse,  is  determined  by  the  initial  level  of  the  membrane 
potential.  The  primary  effect  of  oxytocin  is  not  known.  It  may  constitute  a 
physical  chauf^e  in  the  membrane  in  which  the  Ca  ion  participates.  This 
participation  of  Ca  in  the  regulation  of  membrane  function  is  .strongly 
implicated  by  the  fact  that  oxytocin  action  depends  entirely  on  the  avail¬ 
ability  of  membrane  Ca. 

Once  the  membrane  potential  in  a  cell  or  in  a  group  of  cells  is  reduced  to 
a  critical  level,  activity  is  generated  (.4),  but  during  pregnancy  the  spread 
of  this  activity  to  the  rest  of  the  uterine  ti.ssue  is  inhibited  by  the  pro¬ 
gesterone  block  (83,  35,  42),  .so  that  an  asynchrony  between  membrane  and 
myoplasmic  activity  is  set  up.  Wh.en  the  progesterone  block  is  withdrawn 
propagation  reappears  in  the  uterus  but  how  activity  spreads  from  one  cell 
to  the  other  is  not  certain. 

The  regular  membrane  and  myoplasmic  activity  of  the  post-partum 
uterus  may  be  disturbed  by  too  frecpient  .spike  di.scharge  or  by  multiple 
“pacemaker”  activity  at  different  areas  of  the  uterus.  The  active  cell,  from 
which  action  potentials  are  l)eing  recorded,  may  be  influenced  by  self¬ 
generated  or  conducted  discharges  whose  amplitude  depends  on  changes  in 
the  duration  of  the  refractory  period  or  on  the  timing  of  the  discharge  in 
relation  to  the  refractory  period.  If  the  spike  frecpiency  is  too  high  the 
amplitude  is  reduced,  a  predictable  effect  from  the  known  relation  between 
membrane  and  action  potential  and  spike  frecpiency  (23). 

We  have  repeatedly  recorded  a  .series  of  train  discharges  from  a  given 
myometrial  cell  without  reimpalement.  The  regularity  of  the  action  poten¬ 
tials  in  each  of  the.se  trains,  and  the  stability  of  the  membrane  potential 
between  the  periods  of  activity,  suggests  that  the  impaled  cell  may  not  be 
seriously  damaged.  The  membrane  potential  under  these  conditions  is  not 
higher  than  previously  reported  and  is  similar  to  that  obtained  in  the 
sucro.se  gap,  as  described  in  the  subsecpient  paper  (24). 

We  have  seldom  recorded  action  potentials  with  overshoot  in  spite  of  the 
.succes.sful  penetrations  of  .several  hundred  myometrial  cells.  When,  during 
progesterone  dominance,  the  membrane  potential  is  high  (=00  mV),  the 
spontaneous  discharges  are  usually  small  or  irregular.  When  the  membrane 
potential  drops  somewhat  (  '^oO  mV)  during  the  withdrawal  of  the  pro¬ 
gesterone  effect,  overshoot  may  occasionally  appear,  but  again  di.sappears 
with  regular  activity  at  a  membrane  potential  of  about  45  mV\ 

Both  the  amplitude  and  duration  of  the  action  potentials  show  wide 
variations,  especially  between  different  uteri.  At  pre.sent  we  have  no 
adecpiate  explanation  for  the.se  variations. 

It  is  significant  that  the  electrical  and  mechanical  irregularity  of  the  late 
pregnant  uterus  (progesterone-dominated)  readily  appears  in  the  uteri  of 
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animals  whose  delivery  is  delayed  by  progesterone  treatment.  The  ampli¬ 
tude  of  the  action  potentials  show  great  variations  and  very  often  only 
local  potentials  are  recorded.  Membrane  and  myoplasmic  activity  are  not 
in  .synchrony  due  to  the  progesterone  block.  It  is  also  interesting  that  the 
effect  of  progesterone  in  reducing  the  amplitude  of  the  action  potentials  of 
the  uterus  can  be  demonstrated  after  in  vitro  treatment.  A  concentration  of 
10  M{I  ml-  progesterone  slightly  increa.ses  the  membrane  potential  and 
reduces  or  eliminates  the  action  potentials.  The  phy.siological  .significance 
of  the  in  vitro  progesterone  effect  is  not  clear,  however. 

The  fact  that  two  independent  methods,  the  microelectrode  and  sucro.se 
gap  techniques,  confirm  each  other  in  the  results  obtained  is  rea.ssuring. 
The  most  significant  points  of  agreement  are  stated  in  the  subsequent 
paper.  However,  in  comparison  with  the  understanding  of  excitation  in 
nerve,  cro.s.s-striated  and  heart  muscle,  there  is  still  much  to  l)e  learned 
about  smooth  muscle. 
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HORMONAL  AND  IONIC  INFLUENC'ES  ON  THE 
MEMBRANE  ACTIVITY  OF  UTERINE 
SMOOTH  MUSCLE  CELLS' 
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IhpnrUmnt  of  t^hysiologij.  The  Johns  Hopkins  University  School  of  Medicine 
The  Rockefeller  Institute  and  The  Marine  Biological  Laboratory, 

Woods  Hole,  Massachusetts 

ABSTRACT 

Membrane  resting  and  action  potentials  were  recorded  from  strips  of 
uterine  muscles  selected  from  rats  and  rabbits  at  known  stages  of  i)rcgnancy. 

'I'lie  measurements  were  made  with  the  “sucrose  gap”  methods  which  permits 
continuous  recording  of  membrane  activity  for  several  hours. 

Strips  of  muscle  from  a  parturient,  i.e.  estrogen-dominated,  uterus  (‘x- 
hibited  the  following;  (a)  C'yclic  periods  of  quiescence  ami  activity,  which  wewe 
characterized  by  alternate  depolarization  and  repolarization  of  the  membrane. 
Action  iwtentials  were  discharged  during  the  dei)olarization  phase,  (b)  Ox¬ 
ytocin,  applied  during  a  quiescent  period,  immediatelj"  depolarized  the  mem¬ 
brane  and  potentiated  the  action  jwtential  discharge',  (c)  Perfusion  with  Ca- 
free  Krebs  solution  depolarized  the  membrane  to  a  level  where  all  action  j)o- 
tentials  were  abolished  and  oxytocin  was  ineffective,  (d)  Addition  of  0.25 
mM  Ca  (10%  of  normal  concentration)  to  the  Ca-free  solution  repolarized  the 
membrane  somewhat  and  under  these  conditions  oxytocin  further  inereased  the 
membrane  j)otential  to  a  level  where  action  potentials  were  generated. 

Strips  of  muscles  from  late  pregnant  animals,  i.e.  progesterone-dominated, 
showed  no  cyclic  membrane  activity  and  were  unresponsive  to  oxytocin. 

Isotonic  i)otassium  chloride  depolarized  both  estrogen  and  progesterone- 
dominated  strips  about  28  mV.  Istonic  potassium  sulfate  produced  4b  mV  of 
depolarizatifm  in  the  estrogen  muscles  and  54  mV  in  the  progesterone  mu.scles. 

Many  (Iifficultie.s  are  encountered  when  intracellular  microelectrodes 
are  used  to  study  the  membrane  activity  of  smooth  muscle  cells. 
Owing  to  the  small  size  and  inherent  motility  of  these  cells  the  electrodes 
tend  to  dislodge  making  continuous  measurements  troublesome.  An  exter¬ 
nal  electrode  method,  the  “sucrose  gap”  technique,  has  recently  been 
devised  (1,  2)  whereby  membrane  activity  can  be  observed  over  relatively 
long  periods  of  time.  It  is  assumed  that  in  the  sucrose  gap  the  muscle 
behaves  as  a  core  conductor.  If  .so,  the  membrane  resting  and  action 
potentials  can  be  measured  with  this  technique  provided  the  short-circuit¬ 
ing  between  the  electrodes  in  negligible.  This  is  accomplished  by  increasing 
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the  external  resistance  of  the  muscle  between  the  electrodes  by  replacement 
of  the  interstitial  fluid  with  sucrose  solution. 

The  present  paper  reports  the  results  of  experiments  employing  the 
sucrose  gap  technique.  An  inv'estigation  was  made  of  the  effects,  on  the 
membrane  activity  of  the  uterus,  of  alterations  in  extracellular  calcium 
and  potassium  ions  and  of  oxytocin.  A  separate  paper  (.3)  will  present 
observations  obtained  with  intracellular  micro-electrodes  from  single  cells 
in  strips  of  uterine  tissue  dissected  from  the  same  muscles  used  in  the 
Ijre.sent  study.  It  will  be  seen  that  there  is  a  close  correlation  between  the 
results  of  the  two  methods. 


METHODS 

Kxporiineats  were  perfornu'd  on  the  isolated  uteri  from  three  rabbits  and  sixteen 
rats  selected  at  various  stages  of  gestation.  The  progesterone-dominated  uteri  were  ob¬ 
tained  from  rabbits  between  2()-29th  day  of  pregnancy  ami  from  rats  between  the  lii- 
18th  day.  Parturient  and  postpartum  uteri  were  used  for  the  estrogen-dominated  speci¬ 
mens.  Both  species  gave  essentially  the  same  results.  In  most  exi)eriments,  one  portion 
of  the  uterus  was  studied  by  the  sucrose  gaj)  method  and  another  portion  by  the  intra¬ 
cellular  microelectrode  technique.  Thus  it  was  possible  to  comiiare  the  results  of  tin* 
extracellular  and  intracellular  methods  obtained  from  strips  of  the  same  muscle  under 
identical  conditions.  The  results  of  the  intracellular  method  will  be  rei)()rted  in  another 
communication  (3). 

Longitudinal  muscle  strips  were  diss(‘cted  from  the  uterus  near  its  mesometrial  at¬ 
tachment.  In  the  progesterone-dominated  group  these  pieces  were  cut  from  the  areas 
of  placental  attachment,  whereas  in  the  estrogen  group  the  interplacental  regions  were 
used.  Strips  about  3- .5  cm.  long  and  0..5  mm.  in  diameter  were  carefully  teased  off  from 
the  longitudinal  layer  of  these  larger  uterine  pieces.  One  such  strij)  was  mounted  in  a 
sucrose  gap  apparatus,  as  described  in  detail  by  Burnstock  and  Straub  (2).  The  middle 
portion  of  the  strip  lay  horizontally  in  plastic  tubing  through  which  isotonic  sucrost* 
solution  at  about  12°  C  flowed  continuously.  Each  end  of  the  strij)  was  pulled  vertically 
ui)wards  into  i)lastic  tubing  through  which  Krebs  solution  flowed  continuously. 

The  solution  used  in  all  exi)eriments  contained,  niM;  NaCl  118.4(5,  KCl  4.74, 
('aC'b  2..54,  MgS04  1.18,  KH2PO4  1.18,  XaHCOa  24.87,  dextrose  h.h.  This  solution  was 
gassed  with  a  mixture  of  9.5%  02  —  5%  C()2  throughout  the  exi)eriment.  The  sucrose 
.solution  contained  10%  (w/v)  reagent  grade  sucrose  di.ssolved  in  trij)ly  distilled  water 
which  had  been  i)assed  over  an  ion  exchange  resin. 

Krebs  solution  from  a  reservoir  bottle,  maintained  at  12°  C',  flowed  continuously 
down  the  verticlc  tubing  containing  one  end  of  the  muscle.  This  i)ortion  remained  inac¬ 
tive,  and  thus  maintained  a  stable  i)otential  against  which  the  changes  in  j)otential  at 
the  “test”  end  could  be  comjjared.  The  oi)i)ositc  end  of  the  muscle  was  bathed  in  either 
normal  Krebs  or  test  solutions  at  a  temi)erature  of  32-33°  C.  A  two-way  stop-cock  was 
inserted  into  the  line  connecting  the  solution  reservoirs  with  the  test  end  of  the  muscle 
so  that  the  tissue  could  be  bathed  in  either  normal  Krebs  or  test  solutions.  The  general 
procedure  for  all  experiments  was  to  bathe  both  ends  of  the  muscle  in  normal  solution 
for  about  thirty  minutes  and  then  to  switch  to  the  test  solution  at  one  end,  leaving  the 
reference  end  in  normal  Krebs. 

The  jKttential  difference  between  the  sucrose-Krebs  junctions  at  cither  end  of  the 
muscle  was  recorded  by  a  i)air  of  cotton  wick  electrodes  over  a  KCl-agar  bridge  to 
.\g-AgC’l  electrodes.  The  electrode  at  the  test  end  of  the  muscle  was  connectc'd,  through 
a  cathode  follower,  to  a  DC  ami)lificr  the  outi)ut  of  which  was  displayed  on  a  cathode 
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ray  tube.  The  tube  faee  was  photographed  on  stationary  film  witli  a  single  frame  3") 
mm.  eamera.  The  eleetrode  at  the  ‘Teferenee’’  end  of  the  musele  strip  was  eonnected  to 
ground  through  a  voltage  ealibrator.  The  polarity  was  so  arranged  that  an  ui)ward 
defl(“etion  of  the  oseilloseope  traee  signaled  negativety  of  the  eleetrode  at  the  te.st  end. 

In  experiments  involving  in  vitro  oxytoein  and  prog('sterone  treatment  the  eom- 
pounds  were  added  to  the  Krebs  solution  perfusing  the  test  end  of  the  musele.  In  this 
way  the  tissue  was  eontinuously  exposed  to  these  substanees.  The  isotonie  KCl  and 
KjSO^  solutions  wen*  loS  inM  and  125.1  mM  resjjeetively.  These  solutions  are  isotonie 
on  the  basis  of  freezing  imint  dei)ression  data. 

RESULTS 

Estrogeu-dom i nated  m  uscics 

Normal  activity 

Five  or  ten  minutes  after  the  muscle  had  been  perfu.sed  with  normal 
solution  at  both  ends,  cyclic  variations  in  membrane  potential  began  to 
occur.  These  involved  depolarizations  at  the  test  end  of  o-lO  mV  accom¬ 
panied  by  a  discharge  of  action  potentials.  Sub.sequently  repolarization  of 
the  membrane  occurred  and  the  muscle  became  quiescent.  This  activity 
lasted  about  20  seconds  and  occurred  once  every  2-3  minutes.  The  records 
in  Figure  1,  obtained  from  a  .strip  of  parturient  rat  uterus,  illustrate  the 
fluctuations  in  membrane  activity.  These  .single  frame  photographs  were 


Fig.  1.  Typical  records  obtained  from  a  strip  of  e.strogen-dominatofl  rat  uterus  show¬ 
ing  spontaneous  membrane  depolarization  and  action  potential  discharge.  Single  frame 
jihotograjihs  taken  at  successive  2  second  intervals  illustrate  transition  from  rest  to 
activity  and  back  again  to  the  resting  state.  In  this  and  all  other  records,  an  upward 
deflection  of  the  oscilloscope  trace  indicates  relative  negativity,  deplorization,  of  the 
“test”  end  of  the  muscle  strip  in  the  sucrose  gap  apparatus.  Temp.  32°  C. 


taken  at  .successive  two  second  intervals.  Figure  1,  (A)  shows  the  (|uiescent 
membrane.  As  the  membrane  depolorizes  action  potentials  appear  (B),  and 
their  rate  of  discharge  increases  as  the  membrane  potential  continues  to 
decline  (C).  The  membrane  then  repolarizes  and  the  muscle  returns  to  its 
resting  state  (D-F").  The  fluctuations  in  membrane  activity  were  most 
probably  as.sociated  with  spontaneous  contractions  of  the  muscle.  Simul¬ 
taneous  recordings  of  tension  and  intracellular  action  potentials  from  strips 
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of  the  same  uterus  under  similar  conditions  showed  contractions  at  about 
2  minute  intervals  (3). 

Action  potentials  recorded  in  the  sucrose  gap,  showed  considerable 
variation  in  both  size  and  configuration.  In  general  they  were  of  lower 
amplitude  than  those  obtained  with  the  microelectrodes.  This  is  to  be 
expected,  however,  since  the  external  electrodes  are  in  contact  with  a 
number  of  fibers  some  of  which  may  be  firing  asynchronously.  The  estro¬ 
gen-dominated  muscles  gave  the  largest  and  most  uniform  action  poten¬ 
tials,  average  value  of  30  mV,  It  is  known  that  in  these  muscles  synchro¬ 
nous  activity  is  typical  (4). 

Effects  of  oxytocin  and  ''(\i-dejiciency" 

The  addition  of  oxytocin  (.^0  yv  ml.)  to  the  solution  bathing  an  inactive 
muscle  caused  an  immediate  depolarization  of  the  membrane  accompanied 
by  a  discharge  of  action  potentials  (Fig.  2,  A-B).  Oxytocin  also  doubled 
the  frequency  of  the  cyclic  membrane  activities.*  On  return  to  the  normal 
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Fig.  2.  Kflfects  of  oxytocin  and  low  calcium  solutions  on  membrane  activity  of  the 
estrogen-dominated  rat  uterus.  \.  Quiescent  period  in  normal  Krebs.  B.  t  min.  aftm- 
addition  of  oxytocin  (50  /xu  ’ml.).  Note  membrane  depolarization  and  the  appearance  of 
action  iiotentials.  C.  Return  to  normal  Krebs.  Between  C'  and  I)  perfusion  switclu'd  to 
('a-free  solution,  and  ri'cord  in  I)  obtained  10  min.  later  in  Ca-free  solution,  .Vfter  20 
min.  in  C'a-free  Krebs.  F.  5  min.  after  addition  of  ('a  (0.25  mM)  to  Krebs  solution,  note 
membrane  has  repolarized  somewhat.  Cl.  2  min.  after  oxytocin  (50  yv  ml.)  in  presence 
of  0.25  mM.  ('a.  Note  further  re  polarization  of  membrane  by  oxytocin.  H.  25  min.  later 
in  normal  Krebs.  Temp.  32°  C. 

solution,  the  mu.scle  regained  its  original  rhythm  of  activity.  If  the  .same 
uterine  strip  was  then  bathed  in  a  Ca-deficient  solution,  there  was  a  gradual 
membrane  depolarization.  During  this  depolarization  a  transient  period  of 
activity  appeared  as  the  membrane  potential  passed  through  a  critical 
region  where  action  potentials  were  generated.  After  a  period  of  about 
twent}'  minutes,  the  membrane  of  the  test  end  had  depolarized  to  a  steady 
value  of  20  mV  negative  to  the  reference  end  of  the  mu.scle,  and  at  this 

*  This  stimuliitory  action  of  oxytocin  continued  as  long  as  oxytocin  was  present  in 
the  bathing  solution. 
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point  all  activity  ceased  (C,  I),  E  of  Fig.  2).  The  addition  of  oxytocin  in 
doses  up  to  100  mu  ml.  was  totally  ineffective  under  these  conditions. 
Calcium,  0.2.5  mM  (10%  of  its  concentration  in  normal  Krebs),  was  then 
added  to  the  bathing  solution.  This  caused  the  membrane  to  repolarize 
towards  its  normal  resting  level  by  8  mV  (Fig.  2,  F).  The  addition  of 
oxtocin,  .50  nv  ml.,  now  caused  a  further  increase  of  about  3  mV  in  the 
membrane  potential  and  the  appearance  of  action  potentials  (G).  With  a 
return  to  the  normal  solution  the  membrane  potential  regained  its  original 
control  level  (H). 

The  results  of  nine  such  experiments  are  summarized  in  Table  1.  All  of 


Table  1.  A  tompakisox  of  the  effects  of  oxytocix  ox  membraxe  polarizatiox 
OF  CELLS  from  ESTR0<;EX-U0MIXATE1)  rat  I  TERI  (X-9)  IX 
NORMAL  Krebs  and  ix  C'a-uEFiciEXT  solftioxs 


Oxytoeiii  in 
normal  Kr<‘l> 
(.50  Ml  /ml  ) 

Ca-fn'e 

Krebs 

Oxytoein  in  0.2.5  mM  C’a 
Ca-free  Krebs  added  to  Ca- 
(100  mr/nil.)  free  Krebs 

Oxytoein  in 
0.25  mM  Ca 
(.50  mi:/ml.) 

Average 

12 

Millivolts  de polar izn! inn  at  test  end 

18  18  10 

7 

Range 

(8-17) 

(10-2.5) 

(10-2.5)  (7-12) 

(5-0) 

these  experiments  were  performed  exactly  as  those  described  above.  Under 
normal  conditions  oxytocin  causes  a  depolarization  of  about  12  mV  (aver¬ 
age)  in  the  estrogen-dominated  uterus.  Perfusion  with  calcium-free  Krebs 
depolarized  the  muscles  by  IS  mV  (average),  partial  replacement  of  the 
calcium  (0.25  mM)  repolarizes  the  membrane  by  8  mV,  the  application  of 
oxytocin  now  further  repolarizes  the  membrane  by  3.  This  brought  the 
membrane  potential  into  the  critical  range  for  the  discharge  of  action 
potentials.  It  should  be  emphasized  that  oxytocin  first  repolarized  the 
membrane  and  thea  action  potentials  appeared.  Whether  or  not  this  action 
of  oxytocin  is  specific  only  for  Ca-depolarized  membranes  cannot  be 
answered  at  this  time.  Future  experiments  with  other  depolarizing  agents 
are  planned. 

It  appears,  then,  that  the  action  of  oxytocin  depends  upon  the  magnitude 
of  the  membrane  potential  at  the  time  of  application.  If  the  membrane  is  in 
its  resting  state,  the  stimulatory  effect  of  oxytocin  is  associated  with  a 
depolarization,  but  if  the  membrane  previously  has  been  depolarized  below 
the  “critical”  level  for  excitation,  oxytocin  repolarizcs  towards  the  critical 
level. 

Effects  of  in  vitro  progesterone 

In  several  experiments  the  muscle  was  first  stimulated  by  oxytocin,  and 
then  progesterone  (10  /zg/  ml.)  was  added  to  the  test  solution.  About  thirty 
minutes  after  the  addition  of  the  progesterone  all  action  potentials  had 
disappeared  and  the  muscle  was  completely  quiescent,  even  though  oxyto- 
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P'lG.  3.  Effect  of  in  vitro  progesterone  on  estrogen-dominated  rat  uterus.  A.  Resting 
muscle,  normal  Krebs.  B.  Several  seconds  after  addition  of  oxytocin  (50  /xu/ml.)  to  the 
Krebs  solution.  Muscle  now  active,  i.c.  membrane  has  depolarized  and  action  imtentials 
appear.  C.  10  minutes  after  the  addition  of  progesterone  (10  /ig/ml.)  to  the  bathing 
fluid.  Note  irregular  form  of  action  potentials.  I).  20  minutes  after  progesterone.  Action 
potentials  smaller  and  their  rate  of  discharge  declining.  E.  35  minutes  later.  All  activity 
abolished.  F.  50  minutes  after  return  to  normal  Krebs.  Membrane  has  returmal  to  con¬ 
trol  level  for  quiescent  muscle.  Temp.  32°  C. 


cin  wa.s  .still  pre.sent  in  the  te.st  .solution.  Records  from  one  .such  experiment 
appear  in  Figure  3.  The  membrane  activity  of  this  muscle  was  undergoing 
the  alternate  periods  of  activity  and  rest  as  described  previously.  The 
record  at  A  was  taken  during  a  resting  period.  At  this  time  oxytocin  was 
added  and  the  strip  was  stimulated  (B).  Ten  minutes  after  the  additoin  of 
progesterone  to  the  bathing  fluid,  (hdg.  3,  C),  the  contours  of  the  action 
potentials  have  become  irregular  although  their  discharge  rate  remains  the 
same.  Twenty  minutes  later,  however,  the  rate  of  discharge  has  declined, 
and  the  membrane  potential  is  returning  towards  the  control  level.  Thirty- 
five  minutes  later  all  activity  has  cea.sed,  although  oxytocin  was  still 
present  in  the  test  solution.  At  this  time  the  membrane  has  hyperpolarized 
by  about  3-5  mV  as  compared  to  the  reference  end  (E).  When  the  muscle 
was  returned  to  normal  Krebs,  the  membrane  returned  to  its  control  level 
in  about  fifty  minutes  (F)  and  again  began  to  undergo  the  spontaneous 
fluctuations,  typical  of  an  estrogen-dominated  uterus. 

Progesterone-dominated  muscles 

Strips  taken  from  rat  uteri  between  the  15-19th  day  of  gestation,  or  from 
rabbit  uteri  between  the  20-28th  day  of  pregnancy  showed  no  rhythmical 
fluctuations  in  membrane  or  action  potentials  within  the  first  hour  of 
observation.  Furthermore  they  were  totally  unresponsive  to  oxytocin  in 
doses  uf  to  20  mu/ml.  Perfusion  with  solutions  containing  excess  potas- 
.sium  or  low  calcium,  however,  cau.sed  membrane  depolarization  associated 
with  abortive  and  irregular  trains  of  action  potentials.  This  activity  was 
transient  and  only  appeared  as  the  membrane  passed  through  a  zone  of 
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Fig.  4.  ProKosteroiu'-doiniimtiHl  rat  uterus.  A-I).  Effect  of  isotonic  KCl.  A.  Krebs 
solution,  no  activity.  H.  o  min.  after  introduction  of  isotonic  KCl.  Note  abortive  action 
potentials  as  membrane  depolarizes.  C.  15  min.  in  isotonic  KCl.  1).  Return  to  Krebs. 
K-H.  Effects  of  Ca-free  solution.  E.  Krebs,  no  activity.  F.  2  min.  after  introduction  of 
(’a-free  Krebs  i)erfusion.  (1.  1  hour  later  in  Ca-free.  H.  Return  to  Krebs.  Temp.  32°  C'. 


increased  excitability.  With  further  depolarization  the  muscle  became 
inactive  (Fif>:.  4). 

.Vnother  difference  between  the  progesterone-dominated  and  the  estro¬ 
gen-dominated  muscles  was  found  in  their  time  course  of  depolarization  in 
calcium-free  solution.  The  estrogen-dominated  muscles  would  depolarize 
by  IS  mV  to  a  steady  level  in  an  average  time  of  22  minutes,  whereas  the 
progesterone-dominated  uteri  would  take  an  average  of  SI  minutes  to 
reach  approximately  that  level  (Table  2). 

One  similarity  between  the  progesterone  and  the  estrogen-dominated 
uteri  was  their  respon.se  to  the  depolarizing  actions  of  isotonic  KCl  and 

T.CBI.K  2.  .\  CUMCARISON  OK  THK  DECOI.ARIZING  EKKECTS  OK  Ca-KREE  KrEBS, 
ISOTONIC  KC'l  AM)  ISOTONIC  K-.-SOi  SOLCTIONS  ON  E.STROUEN-DO.MIN ATEI) 

AND  PROGESTERONE-DOMINATED  CTERINE  MC.SCI.E  CEDES  OK  THE  RAT, 


AM)  o: 

<  SKELETAL 

MCSC'LE  FIBERS  OF  THE  RABBIT 

AM)  FR()(i 

('a-free 
time  for 
max.  (lep. 
in  min. 

mV  ilepolarization  at  test  i 

-nd 

('a-free 

Isotonic 

K('l 

Isotonic 

K...S(», 

Temp. 

°  (' 

1  leriue  iii  uncle 
Estrogen  (N-0) 
.\veragp 

Range 

22 

(16-28) 

18 

(16-25) 

28 

(24-30) 

46 

(40 -.54) 

32 

Proge.sterone  (N-0) 
•Vverage 

Range 

81 

(6.5-00) 

17 

(15-20) 

20 

(28-32) 

54 

(50-  5()) 

32 

Sheleldl  HI  uncle 

Rabbit  (N-2) 

68,  67 

6.5,  68 

32 

Frog  (X-.5) 
.\veragc 
Range 


70 

(68-75) 


72 

(70-75) 


22 
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KjSOj.  Both  solutions  produced  a  rapid  depolarization  which  reached  a 
steady  level  within  o-ti  minutes.  This  depolarization  was  maintained  for 
periods  up  to  one  and  one  half  hours.  The  magnitude  of  depolarization  in 
KjSOj  was  always  much  greater  than  in  the  cholride,  however  (see  Table 
2).  The  values  for  .sulphate  depolarization  approximated  those  of  the  rest¬ 
ing  potentials  recorded  with  intracellular  electrodes  (4).  It  is  interesting  to 
note  that  the  total  depolarization  was  .somewhat  greater  for  progesterone- 
dominated  uteri  than  for  the  estrogen-dominated  uteri.  This  finding  con¬ 
firms  earlier  microelectrode  ob.servations  (5,  0). 

Several  experiments  were  performed  to  compare  the  depolarizing  effects 
of  KCl  and  K>S()4  on  striated  and  uterine  smooth  mu.scles  respectively. 
Small  bundles  of  fibers  were  carefully  di.s.sected  from  the  leg  muscles  of 
several  rabbits  and  frogs.  The  re.sults,  shown  in  Table  2,  indicate  that  in 
striated  muscle  there  was  no  appreciable  difference  between  the  magnitudes 
of  depolarization  in  KCl  and  K2SO4. 

DISCUSSION' 

The  re.sults  indicate  that  the  sucrose  gap  method  u.sed  previously  by 
Stiimpfli  (1)  for  isolated  nerve  fibers  and  by  Burnstock  and  Straub  (19o<S) 
for  intestinal  smooth  mu.scle  is  also  appliable  to  uterine  smooth  muscle. 
The  theoretical  considerations  of  this  technicpie  have  been  extensively 
described  elsewhere  (1,  2),  and  need  not  be  detailed  here.  Several  points, 
however,  may  be  worth  mentioning. 

Uterine  muscle  cells,  in  contrast  to  skeletal  muscle  and  peripheral  nerve 
fibers,  are  only  about  70-100  m  in  length.  Hence  a  .single  uterine  cell  does 
not  extend  from  one  electrode  to  the  other  acro.ss  the  sucro.se  gap.  A.ssuming 
that  the  external  re.si.stance  has  been  made  extremely  high,  by  replacement 
of  the  extracellular  fluid  with  sucrose,  the  only  connection  between  the 
electrodes  is  through  .some  internal  low  resistance  path.  The  fact  that 
uterine  muscle  .strips  function  in  the  gap  indicates  that  .some  .such  pathway 
exists  from  cell  to  cell.  The  preci.se  manner  in  which  smooth  mu.scle  cells 
are  connected  is  unknown,  although  suggestions  of  low  impedance  path¬ 
ways  (7),  intercellular  bridges  (8),  and  even  direct  protoplasmic  continuity 
(9),  have  been  made. 

A  .second  con.sideration  is  that  of  junction  potentials,  and  what  effects  if 
any,  they  may  have  on  the  potential  difference  recorded  between  the 
electrodes.  The  junction  potentials  ari.se  at  the  following  interfaces; 
1)  sucrose-Krebs  on  both  .sides  of  the  gap,  2)  Krebs-8M  KCl  wick  elec¬ 
trode  on  the  reference  .side,  3)  Krebs-8M  KCl  wick  electrode,  4)  isotonic 
KC1-3M  KCl  wick  electrode  and  o)  isotonic  K2SO4-3M  KCl  wick  elec- 
tiode  on  the  test  side.  Lacking  detailed  information  about  the  short- 
circuiting  factor  (10),  we  cannot  evaluate  the  .sucrose-Kreb  potentials.  The 
values  for  the  other  potentials  mentioned  above  have  been  calculated  using 
the  Hender.son  equation  and  the  ionic  mobilities  suggested  by  Maclnnes 
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(11).  The  Krebs-wick  electrode  junction  gave  1.92  mv,  electrode  side 
positive.  This  increased  to  7.4  mv  when  the  Krebs  solution  was  replaced  by 
isotonic  KCl  and  to  9.2  mv  with  isotonic  K.SO4,  all  with  the  electrode  side 
positive.  When  Krebs  solution  perfused  both  sides  of  the  muscle  .strip,  the 
junction  potentials  around  the  circuit  balanced  out  and  no  potential 
difference  was  recorded  between  the  electrodes.  When  the  isotonic  potas¬ 
sium  solutions  were  applied  to  the  te.st  side  the  depolarization  was  much 
greater  than  could  be  attributed  to  junction  potentials  alone.  Furthermore, 
the  concentration  of  oxytocin  was  too  small  to  alter  the  junction  potential, 
but  it  caused  a  12  mV  depolarization  of  the  test  end.  Also,  Ca-free  solu¬ 
tions  depolarized  the  test  end  by  18  mV,  although  this  .solution  does  not 
alter  junction  potentials  appreciably. 

The  magnitude  of  the  potential  difference  recorded  between  the  elec¬ 
trodes  will  depend,  among  other  things,  on  the  completene.ss  of  replacement 
of  inter.sititial  fluid  with  sucrose  and  on  the  amount  of  cell  damage  within 
the  muscle  strip.  Incomplete  washout  with  sucrose,  i.e.  a  high  external 
short  circuiting  factor,  and  an  excessive  amount  of  fiber  damage  will  tend 
to  lower  the  measured  values.  For  the.se  reasons  it  is  best  to  consider  the 
mea.sured  potential  difference  not  as  an  ab.solute  value  for  the  membrane 
potential,  but  to  consider  it  only  as  a  relative  potential  change  under 
various  experimental  conditions. 

Depolarizations  in  isotonic  K-.804  greater  than  tho.se  observed  in  isotonic 
KCl  agree  with  the  findings  of  Burnstock  and  Straub  (2)  for  intestinal 
smooth  muscle  and  those  of  Schmidt  and  Huber  (12)  for  guinea-pig  uterus. 
Skeletal  muscle,  on  the  other  hand,  showed  no  such  discrepancy  in  agree¬ 
ment  with  the  data  of  Adrian  (13).  Recently,  however,  Hodgkin  and  Horo- 
wicz  (14)  found  that  a  sudden  change  in  chloride  concentration,  at  constant 
potassium  concentration,  produced  a  transitory  alteration  in  the  membrane 
potential  with  frog  sartorius,  in  the  direction  expected  for  a  chloride  elec¬ 
trode.  Po.s.sil)ly  in  smooth  muscle  cells  the  chloride  ion  is  of  considerable 
importance  in  maintaining  the  resting  potential,  and  for  this  reason  only  in 
isotonic  K2SO4  would  the  extent  of  depolarization  approach  the  re.sting 
potential  value  recorded  with  intracellular  micro-electrodes. 

In  the  estrogen-dominated  uterus  oxytocin  causes  either  a  depolarization 
or  a  repolarization  depending  upon  the  level  of  the  membrane  potential  at 
the  time  of  application.  Under  normal  conditions  oxytocin  depolarizes  the 
membrane  and  initiates  a  train  of  action  potentials.  If  the  membrane  is 
depolarized,  however,  by  continuous  perfusion  in  Ca-free  solution,  to  a 
level  where  all  propagated  activity  ceases  oxytocin  is  ineffective.  When  the 
membrane  is  depolarized  just  slightly  below  the  “critical”  level  for  excita¬ 
tion,  oxytocin  repolarizes  the  membrane  bringing  it  into  the  zone  where 
action  potentials  are  discharged. 

This  action  of  oxytocin  is  reminiscent  of  the  synaptic  inhibitory  neuron 
activity  in  the  crustacean  stretch  receptor,  described  by  Kuffler  and  his 
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associateis  (15).  Iii  this  case  an  inhibitory  impulse  repolarizes  a  cell  whose 
resting  potential  has  been  previously  reduced;  whereas  when  the  cell  is 
initially  hyperpolarized  the  inhibition  is  associated  with  a  depolarization  of 
the  membrane.  An  “inhibitory  equilibrium  level”  is  postualted,  towards 
which  the  inhibitory  impulse  tends  to  drive  the  membrane  potential. 
Perhaps  the  action  of  oxytocin  is  somewhat  similar,  tending  to  drive  the 
membrane  towards  an  “excitatory  equilibrium  level”  when  it  is  slightly 
displaced  to  either  side  of  this  level. 

Xo  such  “excitatory  equilibrium  level”  seems  to  exist  in  the  pro¬ 
gesterone-dominated  uterus,  since  progesterone  exerts  a  stabilizing  effect  on 
the  membrane  (5,  0)  and  renders  it  inexcitable  to  oxytocin.  Furthermore, 
progesterone-dominated  muscles  appear  to  bind  calcium  more  firmly  than 
do  the  estrogen-dominated  uteri  as  indicated  by  the  observation  that  the 
former  require  a  very  much  longer  period  of  time  for  the  depolarizing  effects 
of  low  calcium  to  appear  (Table  2;  (5,  16).  It  is  interesting  to  note  that 
progesterone  when  applied  in  vitro  gradually  abolishes  all  spontaneous 
activity  and  leaves  the  muscle  refractory  to  the  action  of  oxytocin. 
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ABSTRACT 

C()in|)oiu*nts  of  rat  and  human  plasma  ohtainod  by  ammonium  sulfato  and 
i-old  ethanol  fraetionation  procedures  have  been  assayed  for  their  ealeium- 
mohiliziiiK  activity  in  i)arathyroidectomized  rats.  The  determinations  were 
made  on  fractions  of  rat  jdasma  to  which  parathyroid  extract  (Lilly)  was 
added  either  in  citro  or  in  vivo.  Similar  experiments  were  carri(‘d  out  on  frac¬ 
tions  of  human  plasma  with  and  without  addt'd  parathyroid  extract.  Kvidence 
is  presented  to  suggest  that  endogenous  rat  plasma  parathyroid  hormone  ac¬ 
tivity  is  normally  a.ssociated  with  the  a-glohulin  fraction.  Cold  ethanol  frac¬ 
tionation  of  normal  human  plasma  and  of  human  plasma  to  which  had  been 
added  parathyroid  extract,  resulted  in  localization  of  hormonal  activity  in  the 
beta  and  gamma  globvdin  fraction.  The  normal  level  of  circulating  parathyroid 
hormone  activit\’  in  human  plasma  has  been  estimated  to  be  of  the  order  of  40 
r.S.P.  units  per  100  ml. 

IMPORTANT  advanoe.s  have  been  marie  in  recent  years  in  tlie  under¬ 
standing;  of  the  chemistry  and  phy.siological  aspects  of  the  parathyroid 
hormone.  Very  potent  and  highly  purified  preparations  of  the  active 
principle  have  been  obtained  from  glandular  extracts  (1,  2,  8,  4).  New 
concepts  and  outlooks  are  being  actively  investigated  to  explain  the 
mechanism  of  action  of  the  parathyroid  hormone  on  the  molecular  level 
(4,  5,  0). 

Little  information  has  yet  been  reported,  however,  on  the  detection  of 
parathyroid  hormone  activity  in  the  blood.  A  mo.st  recent  study  is  that  of 
Buckner  and  Nellor  (7)  who  demon.strated  the  (piantitative  detection  of 
parathyroid  hormone-like  activity  in  sera  of  rats  with  induced  hyperpara¬ 
thyroidism. 

The  small  amount  of  hormone  present  in  the  circulation,  together  with 
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tlie  relative  inseiifsitivity  of  biological  assays  has  limited  the  number  of 
techni(iues  suitable  for  use  in  the  study  of  plasma  hormone  characteristics. 
The  one  most  commonly  employed  and  applied  with  the  greatest  success 
for  the  detection,  localization  and  estimation  of  various  hormones  in  the 
plasma  involves  cold  ethanol  fractionation  procedures  under  rigorously 
controlled  conditions  and  the  assaying  of  the  resulting  concentrated  plasma 
fractions  for  hormonal  activites.  The  present  paper  deals  with  the  applica¬ 
tion  of  ammonium  sulfate  and  cold  ethanol  fractionation  procedures  to  the 
study  of  parathyroid  hormone  activities  of  human  and  rat  plasma  con¬ 
stituents. 


EXPERIMENT.\L 

Biological  Assay. — Test  preparations  wore  assessed  for  poteney  on  the  basis  of  the 
chanRe  in  the  serum  ealeium  level  of  fasted,  parathyroideetomized  rats,  six  liours  after 
intraperitoneal  injection.  Normal  female  rats  of  the  Sprague- Dawley  strain,  weighing 
about  140  gm.,  were  parathyroideetomized  bj’  cauterization  and  allowed  to  recover 
from  the  operation  for  a  period  of  three  days.  Prior  to  use  for  assay,  the  animals  were 
fastetl  for  two  nights  and  one  day.  The  test  dose  did  not  exceed  a  volume  of  5  ml. 
Initial  .studies  showed  that  the  maximum  amount  of  plasma  protein  which  could  be 
administered  intraperitoneally  to  these  animals  in  a  5  ml.  dose  without  visible  toxic 
effects  was  0.01  gram  per  gram  of  body  weight.  This  dose  limit  was  not  exceeded  in  the 
biological  assay  of  various  preparations  tested.  Serum  calcium  was  determined  by  the 
method  of  Natelson  and  Penniall  (8).  Protein  was  determinetl  by  the  biuret  method  (9). 

Preparation  of  Parathyroid  Hormone-Enriched  Rat  Plasfna.  In  order  to 
.study  rat  plasma  parathyroid  hormone  activity,  it  was  nece.s.sary  to  have 
available  a  rat  plasma  preparation  possessing  sufficient  parathyroid  activ¬ 
ity  to  be  detected  by  the  biological  assay  .system  used.  This  was  accom¬ 
plished  by  administering  several  hundred  U.S.P.  units  of  commercial 
parathyroid  extract  (Injection  Parathyroid,  U.S.P. ,  Lilly)  intraperitone¬ 
ally  to  adult  female  rats  of  the  Sprague-Dawley  .strain  weighing  about  200 
gm.  each  and  ex.sanguinating  these  animals  by  cardiac  puncture  one  to 
three  hours  later.  When  4-5  ml.  aliquots  of  plasma  prepared  in  this  manner 
were  administered  to  a.s.say  animals,  increases  in  serum  calcium  levels 
indicative  of  parathyroid  activity  were  observed.  In  contrast,  five  ml. 
alicpiots  of  plasma  from  untreated  animals  failed  to  elicit  changes  in  serum 
calcium.  The  data  are  .summarized  in  Table  1. 

Ammoninm  Sulfate  Fraetionation  of  Parathyroid  Hormone  Enriched  Rat 
Plasma.  The  fractionation  was  carried  out  u.sing  the  method  outlined  by 
Koch  and  Ilanke  (10).  The  albumin  and  globulin  fractions  were  dialyzed 
against  distilled  water  in  the  cold  until  free  from  .sulfate.  Preliminary  work 
established  that  .such  a  dialy.sis  procedure  does  not  affect  the  potency  of  the 
parathyroid  hormone-enriched  rat  plasma.  After  the  dialy.sis,  the  protein 
fractions  were  lyophilized  and  .stored  in  the  Deepfreeze  until  u.sed  for  a.s.say. 
At  that  time,  the  globulin  and  albumin  fractions  were  reconstituted  to 
desired  volumes  with  the  use  of  0.1%  sodium  chloride  solution  and  water 
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Table  1.  Parathyroid  hormone  activity  ok  plasma  of  rats 

INJECTED  WITH  PARATHYROID  EXTRACT 


No.  of  assay  animals 

Dose  per  animal 

Change  in  serum  calcium 
mg.% 

8 

5  ml.* 

0.1  +0.1 

5 

4  ml.*’ 

1  .7+0.8 

0 

5  ml.® 

1  .4  +0.4 

(i 

5  ml."* 

1  .3±0.5 

•  Freshly  eollected  normal  rat  plasma. 

hVom  plasma  pool  of  23  ee.  eollected  one  hour  after  injection  of  400  U.S.P.  units  of  para¬ 
thyroid  extract  into  each  of  nine  rats. 

'  From  ])lasma  pool  of  30  cc.  collected  one  hour  after  injection  of  500  I’.S.P.  units  of  para¬ 
thyroid  extract  into  each  of  eleven  rats. 

From  plasma  pool  of  30  cc.  collected  three  hours  after  injection  of  50t)  U.S.P.  units  of 
parathyroid  extract  into  each  of  twelve  rats. 


respectively.  Five  ml  aliquots  were  administered  to  each  of  a  group  of  five 
animals  in  duplicate  experiments.  The  re.sults  are  summarized  in  Table  2. 

Ammonium  sulfate  fractionation  of  hormonally  active  rat  plasma  re- 
.sulted  in  a  definite  partition  of  hormonal  activity  between  the  albumin  and 
globulin  fractions.  The  parathyroid  hormone  activity  is  associated  with  the 
globulin  fraction;  no  activity  was  detected  in  the  albumin  fraction. 

Cold  Ethanol  Fractionation  of  Rat  Plasma.  The  technique  of  cold  ethanol 
fractionation  was  employed  to  .study  the  distribution  of  parathyroid 
hormone  activity  in  protein  fractions  of  rat  plasma.  For  this  purpose,  the 
methoil  of  Roberts  and  Kelley  (11),  a  modification  of  the  method  of  Ulrich, 
Li  and  Tarver  (12)  and  of  Cohn  and  his  a.s.sociates  (13)  was  chosen,  since  it 
had  been  specifically  developed  for  u-se  in  preparing  rat  plasma  protein 
fractions.  Two  types  of  rat  plasma  were  fractionated  by  this  method:  (1) 
rat  plasma  to  which  was  added  lyophilized  parathyroid  extract  in  vitro  and 
(2)  parathyroid  hormone-enriched  rat  plasma  prepared  as  previously 
described.  In  each  case,  plasma  was  collected,  stored  in  the  cold  overnight 
and  .subjected  to  fractionation  the  following  morning. 

Preliminary  work  established  that  the  storing  of  these  preparations  in 
this  manner  resulted  in  no  detectable  loss  of  biological  activity.  The 
following  five  fractions,  with  their  major  constituents,  were  obtained: 


Table  2.  Parathyroid  hormone  aotivity  ok  fraotions  obtained  by  ammonilm  si  lfate 

FRACTIONATION  OF  I’LASMA  FROM  RATS  INJECTED  WITH  PARATHYROID  EXTRACT* 


Pool  samjile 

Plasma  fraction 

Percent  of 
total  plasma 
protein 

Dose  per 
animal, 
mg.  protein 

No.  of  test 
animals 

Change  in 
serum  cal¬ 
cium  mg.% 

1 

Globulin 

.58.9 

218 

5 

1.3+0. 5 

.‘Mlmmin 

38.9 

330 

5 

-0.4 +0.0 

2 

Globulin 

.55.2 

228 

.5 

1.4+0. 2 

.\lbumin 

35.7 

352 

5 

-0.2+0. 2 

*  50  ml.  of  pooled  plasma  from  rats,  each  injected  one  hour  previously  with  500  U.S.P. 
units  of  parathyroid  extract. 
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Fraction  I — fibrinogen,  Fraction  II — alpha  and  beta  globulins,  Fraction 
SC  A— beta  globulins.  Fraction  IV — alpha  globulins  and  Fraction  V  al¬ 
bumins. 

In  the  initial  approach,  (iOO  U.S.P.  units  of  Parathyroid  llxtract  were 
lyophilized  and  the  residue  was  dissolved  in  50  ml  of  rat  plasma  collected 
from  female  rats  by  cardiac  puncture.  Preparations  obtained  by  the 
fractionation  procedure  of  Roberts  and  Kelley  (11)  were  collected  in  the 
refrigerated  centrifuge  at  —5°  C  and  then  stored  immediately  in  the 
freezer  at  —20°  C.  Prior  to  assay,  each  fraction  was  slowly  warmed  to 
room  temperature  and  then  reconstituted  to  a  volume  of  25  ml.  with 
distilled  water.  Five  ml.  alicpiots  were  administered  to  each  animal  of  the 
five  animal  assay  group.  The  experimental  results  are  presented  in  Figure  1 . 


Fig.  1.  Distribution  of  parathyroid 
hormone  activity  in  plasma  protein  frac¬ 
tions  obtained  from  50  ml.  of  freshly  col¬ 
lected  rat  plasma  to  which  had  been  added 
jiaratliyroid  extract,  600  U.S.P.  units  in 
vitro.  The  open  columns  at  the  bottom  of 
the  figure  represent  the  jier.  cent  of  the 
total  protein  of  the  plasma  contained  in 
each  fraction;  the  shaded  columns  in¬ 
dicate  the  amount  of  plasma  administered 
per  a.ssay  animal;  the  vertical  lines  in  the 
upper  figure  represent  the  standard  error 
of  the  mean. 


The  data  indicate  a  definite  partition  of  parathyroid  hormone  activity 
among  the  protein  fractions  of  rat  plasma,  to  which  had  been  added  para¬ 
thyroid  extract  in  vitro  and  .subsequently  subjected  to  cold  ethanol  frac¬ 
tionation.  The  parathyroid  activity  appears  primarily  associated  with 
Fraction  IV  and  Fraction  V  with  no  detectable  activity  being  observed  in 
Fractions  I,  II  and  SCA. 

The  administration  of  exogenous  hormone  to  experimental  animals  and 
humans  has  been  a  technique  utilized  profitably  by  many  workers  to 
obtain  a  wide  variety  of  information  concerning  plasma  hormone  charac¬ 
teristics.  Accordingly,  500  U.S.P.  units  of  parathyroid  extract  were  admin¬ 
istered  intraperitoneally  to  individual  female  rats.  After  one  hour,  the 
animals  were  exsanguinated  by  cardiac  puncture.  The  plasma  was  col¬ 
lected  at  the  centrifuge  and  immediately  placed  in  the  freezer  at  —20°  C 
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until  fractionated.  In  each  experiment  performed,  a  sufficient  number  of 
animals  was  used  to  provide  50  ml.  of  plasma.  The  day  following  its 
collection,  the  hormonally  active  rat  plasma  was  subjected  to  cold  ethanol 
fractionation  according  to  the  method  of  Roberts  and  Kelley  (11).  The 
plasma  protein  fractions  prepared  in  this  manner  were  collected  at  the 
refrigerated  centrifuge  at  —5°  C  and  immediately  placed  in  the  freezer 
unit  until  as.sayed.  At  that  time  the  preparations  were  slowly  warmed  to 
room  temperature  and  recon.stituted  to  a  total  volume  of  25  ml.  with 
distilled  water.  Five  ml.  alicjuots  of  the  reconstituted  fractions  were  ad¬ 
ministered  intraperitoneallv  to  each  animal  of  a  five-animal  assay  group 
(Fig.  2). 


Fig.  2.  Distribution  of  paratliyroid 
hormone  activity  in  jjlasina  protein  frac¬ 
tions  obtained  from  hormonally  active  rat 
plasma.  Identification  of  parameters  same 
as  in  Fig.  1. 


The  data  define  a  partition  of  parathyroid  hormone  activity  among  rat 
plasma  protein  fractions.  This  hormone  activity  appears  to  be  localized 
primarily  in  Fraction  IV  which  contains  alpha-globulins.  The  distribution 
noted  here  is  different  from  that  observed  when  parathyroid  extract  was 
incubated  with  rat  plasma  in  vitro,  prior  to  fractionation. 

Parathyroid  Hormone  Activity  of  Unfractionated  formal  Human  Plasma. 
Plasma  obtained  from  a  normal  male  donor  at  the  Blood  Bank,  Cook 
County  Hospital,  Chicago,  Illinois  was  lyophilized  and  tested  for  para¬ 
thyroid  hormone  activity.  When  the  protein  present  in  25  ml.  of  lyophil¬ 
ized  plasma  was  administered  to  each  of  eight  animals,  it  was  found  that 
the  level  of  circulating  parathyroid  hormone  was  too  small  to  elicit  a 
response.  The  change  of  serum  calcium  amounted  to  —0.1  +0.2  mg.  per¬ 
cent  (mean  ± standard  error). 

Cold  Ethanol  Fractionation  Method  of  Cohn  et  al.  (Method  6).  Since  it 
was  not  possible  to  detect  plasma  parathyroid  hormone  activity  in  lyophil- 
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ized  human  plasma,  attention  was  focused  on  the  application  of  the  cold 
ethanol  fractionation  technique  of  Cohn  et  al.  (13)  designed  specifically  for 
fractionation  of  human  plasma.  By  this  technique,  plasma  is  separated 
into  five  major  fractions  designated  Fraction  I  fibrinogen.  Fraction  II- 
III — beta  and  gamma  globulins  and  beta-lipoproteins.  Fraction  IV-1 
— alpha  globulins.  Fraction  IV-4 — alpha  globulins  and  Fraction  V — al¬ 
bumins.  The  method  was  applied  to  normal  human  plasma  and  normal 
human  plasma  to  which  had  l)een  added  parathyroid  extract  in  vitro. 

In  the  first  experiments,  100  ml.  of  plasma  were  collectetl  from  a  normal 
donor  from  the  Cook  County  Hospital  Blood  Bank  and  in  it  were  dissolved 
.■)00  units  of  lyophilized  parathyroid  extract.  One  hour  after  stirring  the 
mixture  was  subjected  to  fractionation  by  Method  0  of  Cohn  and  his 
a.s.sociates  (13).  The  fractions  were  collected  at  the  refrigerated  centrifuge 
and  then  placed  in  the  freezer  until  assayed.  The  various  fractions  were 
reconstituted  to  a  volume  of  35  ml.  with  water  and  5  ml.  aliquots  were 
administered  to  each  of  seven  animals  of  an  a.s.say  group.  A  composite 
picture  of  the  results  from  two  duplicate  experiments  is  shown  in  Figure  3. 

The  experimental  results  indicate  a  localization  of  exogenous  parathy¬ 
roid  hormone  activity  in  Fraction  II-III  of  normal  human  plasma,  a 
fraction  which  is  composed  primarily  of  beta-globulins,  gamma  globulins 
and  beta-lipoproteins.  The  biological  activity  recovered  does  not  seem  to 
be  distributed  to  any  significant  extent  among  the  other  plasma  protein 
fractions. 

Cold  Ethanol  Fractionation  of  Normal  Human  Phmna.  Concentrates  of 
unfractionated  normal  human  plasma  were  shown  to  lack  sufficient  para¬ 
thyroid  hormone  potency  to  be  detected  by  the  as.say  system.  It  was  now 
decided  to  apply  cold  ethanol  fractionation  techniques  to  normal  plasma 


Fig.  .3.  Distribution  of  parathyroid 
hormone  activity  in  plasma  protein  frac¬ 
tions  obtained  from  normal  human  plasma 
(too  ml.)  to  which  has  been  added  para¬ 
thyroid  extract,  in  vitro  (500  U.S.P.  units). 
Identification  of  parameters,  same  as  in 
Fig.  1. 
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and  to  as.say  the  re.sulting  protein  fractions  for  parathyroid  hormone 
activity. 

For  this  experiment,  .500  ml.  of  normal  human  plasma  were  obtained 
from  two  normal  male  donors  at  the  Cook  County  Blood  Bank.  The 
plasma  was  then  subjected  to  cold  ethanol  fractionation.  The  resulting 
fractions  were  lyophilized  and  stored  in  the  freezer  until  used  for  assay  at 
which  time  they  were  warmed  to  room  temperature  and  reconstituted  to 
sufficient  volume  .so  that  each  animal  of  the  assay  group  received  no  more 
than  .5  ml.  aliciuots  of  the  reconstituted  .solution.  This  was  done  in  all  ca.ses 
except  that  of  Fraction  V  (albumins).  Enough  of  this  fraction  was  utilized 
for  analy.sis  so  that  each  animal  of  a  nine  animal  a.s.say  group  received  the 
maximum  permissible  dosage  of  protein.  The  biological  assay  data  are 
given  in  Figure  4.  The  results  indicate  the  detection  of  endogenous  plasma 


Fig.  4.  Distribution  of  jjarathyroid 
hormone  activity  in  plasma  protein  frac¬ 
tions  obtained  from  normal  human  jdasma. 
The  ojien  columns  in  the  bottom  figure 
represent  the  plasma  cc.  equivalents  of 
each  fraction  administered  per  animal;  the 
shaded  columns  indicate  the  grams  of  pro¬ 
tein  administered  per  test  dose.  The  ver¬ 
tical  lines  in  the  upi)er  figure  rei)resent  the 
standard  error  of  the  mean. 


parathyroid  hormone  activity  in  concentrates  of  protein  in  Fraction  II-III 
of  normal  human  plasma.  Xo  activity  was  detected  in  any  other  fractions 
a.s.sayed.  These  results  were  confirmed  in  a  subsequent  experiment  in  which 
09  plasma  cc.  equivalents  of  Fraction  II-III,  compri.sing  2.5.4%  of  the 
total  plasma  protein,  effected  an  increase  in  serum  calcium  of  1.0  ±0.8 
mg.%  and  87  plasma  cc.  equivalents  of  Fractions  I,  IV-1,  IV-4  and  V, 
comprising  07.8%  of  the  total  plasma  protein  cau.sed  an  insignificant 
increase  of  0.2  ±0.1  mg.%  in  the  .serum  calcium  level. 

DISCUSSION 

The  intraperitoneal  administration  of  parathyroid  extract  to  rats  re¬ 
sulted  in  a  plasma  containing  detectable  levels  of  parathyroid  hormone 
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activity.  Ammonium  sulfate  fractionation  of  thi.s  “liormonally  active”  rat 
plasma  resulted  in  a  localization  of  hormonal  activity  in  the  globulin 
precipitate.  Cold  ethanol  fractionation  of  ‘‘hormonally  active”  rat  plasma 
resulted  in  the  localization  of  parathyroid  hormone  activity  primarily  in 
the  alpha-globulin  fraction.  When  parathyroid  extract  was  incubated  with 
freshly  collected  rat  plasma,  in  vitro,  hormonal  activity  was  detected  in  the 
albumin  fraction  as  well  as  in  the  alpha-globulin  fraction.  Accumulating 
evidence  indicates  that  under  normal  conditions  endogenous  hormones 
may  be  associated,  in  transport,  with  specific  plasma  proteins,  but  when 
present  in  excessive  (piantities  or  introduced  exogenously  tend  to  “spill 
over”  into  associations  with  other  plasma  proteins  (14).  It  is  felt  that  such 
an  interpretation  may  well  apply  to  the  findings  reported  here. 

In  the  current  study,  parathyroid  extract  was  also  incubated  with 
normal  human  plasma,  in  vitro,  and  the  mixture  was  then  subjected  to  cold 
ethanol  fractionation.  The  distribution  pattern  observed  indicated  that 
the  exogenous  parathyroid  hormone  activity  was  localized  in  Fraction 
II-III,  which  consists  mostly  of  beta  and  gamma  globulins.  When  the  cold 
ethanol  fractionation  procedure  was  applied  to  normal  human  plasma,  the 
results  obtained  indicated  the  presence  of  endogenous  plasma  parathyroid 
hormone  activity  in  Fraction  II-III.  It  is  interesting  to  note  that  Fraction 
II-III  is  the  same  fraction  with  which  plasma  ACTII  activity  (1.5)  pitui¬ 
tary  gonadotrophic  activity  (lb),  plasma  thyrotrophic  activity  (17)  and 
plasma  insulin  activity  (IS)  were  found  to  be  associated  following  similar 
cold  ethanol  fractionation  studies. 

The  mean  response  of  the  test  group  employed  in  the  analysis  of  the 
potency  of  Fraction  II-III  is  of  the  order  which  one  would  expect  from 
about  2.5  U.S.P.  units  of  parathyroid  activity.  Since  this  response  was 
obtained  from  70  plasma  cc.  equivalents  of  Fraction  II-III  protein,  it  may 
be  estimated  that  normal  human  plasma  contains  of  the  order  of  40  U.S.P. 
units  of  detectable  endogenous  parathyroid  hormone  activity  per  100  ml. 
of  plasma. 

It  should  be  pointed  out  that  the  parathyroid  activity  existing  in  the 
extracts  employed  is  derived  from  beef  glands  and  may  not  be  identical  to 
that  produced  in  the  rat  or  in  man.  Too,  the  parathyroid  activity  of  the 
extract  may  represent  a  degradation  product  or  products  of  the  native 
hormone  since  acid  extraction  is  employed  in  its  production.  In  both 
instances,  it  might  be  expected  that  the  active  principles  would  bind  to 
different  proteins,  than  does  the  endogenous  hormone.  It  can  be  noted, 
however,  that  in  the  case  of  the  human  plasma  study,  the  distribution  of 
activity  among  the  plasma  protein  fractions  isolated  from  the  in  vitro 
incubation  of  the  parathyroid  extract  with  plasma  is  the  same  as  the  dis¬ 
tribution  of  the  endogenous  hormone-like  activity. 
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('KRTAIX  PHOSPHORUS  COMPOUNDS  IN  THE  RAT 
ADRENAL  IN  VARIOUS  FUNCTIONAL  STATES'-^ 

LEONAIH)  .1.  (JPEENBEPiCP  and  DAVID  (JLICK 

IliMnihetiiislrij  Lohoratorii,  Deparliiirnt  of  Phjj.siologirnl  CltemiMrij,  The  Medical  School, 
I'lnvtrsitjj  of  Mianei^ota.  Minneapolis,  Minnesota 

ABSTRACT 

Tlio  (luantitative  liistolofiiical  distribution  of  inorganic  and  labilo-oster 
phos|)liorus  compounds  in  the  adrenal  gland  of  the  male  albino  rat  was  studied. 
Subcutaiu'ous  injection  of  25  mg.  .VC'TH  per  kg.  3  hours  i)rior  to  sacritice 
lowered  labile-ester  idiosphorus  (predominantly  ATP)  in  the  fasciculata  and 
elevated  this  fraction  in  the  reticular-medullary  border  zone  and  medulla. 
Inorganic  phosphorus  was  more  uniformly  distributed  throughout  the  zones  and 
the  ACd’H  treatment  produced  some  increase  in  all  regions  except  outer  fas¬ 
ciculata. 

■Vnalysis  of  whole-gland  homogenates  pr(‘i)ared  from  adrenals  of  untreat(‘d 
animals  killed  at  noon’ and  at  midnight  revealed  a  considerable  decrease  in 
labile-ester  and  a  significant  increase  in  inorganic  phosphorus  at  midnight. 
Injection  of  A('TH  largely  abolished  these  day-night  differences  b}’  decreasing 
the  values  of  the  former  and  increasing  those  of  latter  in  the  noon  group.  A 
series  of  subcutaneous  cortisone  injections  (7  mg.  cortisone  acetate/kg.  daily 
for  2  weeks)  i)roduced  significant  increases  in  concentration  of  the  labile-esters 
in  both  groups,  and  in  the  inorganic  fraction  at  noon.  The  treatment  reduced 
the  inorganic  phosphorus  of  the  whole  gland  at  both  i)eriods.  Six  days  after 
hyijophysectomy  little  effect  was  detected  either  in  the  labile-ester  or  inorganic 
l)hosphorus  concentration  in  adrenals  from  either  the  noon  or  midnight  group, 
although  a  slight  decrea.se  in  the  ester  content  per  gland  at  both  i)eriods  was 
noted  and  variability  in  some  of  the  data  on  the  inorganic  fraction  was  found. 
Comparison  of  labile-ester  changes  to  those  of  coenzyme  A  (reported  earlier) 
showed  an  inverse  effect. 

IN  A  previou.s  study  (1)  the  coenzyme  A  (CoA)  concentration  in  the 
whole  rat  adrenal  was  found  to  he  about  100%  greater  at  midnight  than 
at  noon.  Injection  of  ACTH  abolished  the  day-night  difference  by  produc¬ 
ing  maximal  concent lations  in  both  groups,  and  hypophysectomy  also 
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minimized  the  difference.  Sub.sequently,  the  circadian  periodic  change  of 
CoA  concentration  was  established  by  analyses  at  4-hour  intervals  (2). 
Since  phosphorus  metabolism  is  intimately  involved  with  energy  producing 
reactions  in  various  biological  processes,  including  synthesis  of  CoA  (d),  the 
present  investigation  was  initiated  to  elucidate  physiological  effects  on 
phosphorus  compounds  in  the  adrenal  zones,  including  relationships  to  the 
coenzyme.  Quantitative  histochemical  distribution  of  inorganic  and  labile- 
ester  phosphate  in  the  adrenal  gland  of  the  rat  in  various  functional  states 
was  studied.  In  addition,  whole-gland  homogenates  were  used  to  observe 
effects  on  phosphate  concentrations  of  hypophysectomy  and  injections  of 
ACTH  and  of  cortisone  in  rats  which  were  sacrificed  at  noon  and  midnight, 
periods  of  low  and  high  bodily  activity. 

EXPERIMENTAL 

Adrenal  glands  were  obtained  from  male  albino  rats  (Sprague-Dawley)  weighing 
300-400  gm.,  ai)proximately  3  months  old,  purchased  from  Holtzman  Co.,  Madison, 
Wis.  Sham-operated  and  hypoi)hysectomized  rats  were  obtained  from  the  Hormoin' 
.\ssay  Laboratories,  Inc.,  Chicago,  Illinois.  The  animals  were  fed  Purina  fox  chow  and 
tap  water  ad  libitum.  They  were  housed  in  a  constant  climate  room  (78°  ±1°  F,  30- 
.50%  relative  humiditj’)  with  controlh'd  illumination  (lights  on  at  0:00  off  at  0:00 
p.M.)  and  instantaneous  death  was  inflicted  by  a  single  hammer  blow  on  the  head  at 
noon  or  midnight  +15  minutes.  .\CTH  (25  mg.  kg.)  in  1  ml.  of  physiological  saline 
solution  was  administered  subcutaneously  3  hours  prior  to  sacrifice  of  sf)me  of  the 
animals.  Cortisone  acetate  (7  mg.  kg.)  in  saline  suspension  was  administered  sub¬ 
cutaneously  everyday  for  2  weeks  jjrior  to  sacrifice. 

Fresh  frozen  microtome  sections  (2.0  mm.  diameter,  16  n  thick,  0.05  n\.  vol.)  were  cut 
serially  in  a  cryostat  cabinet  at  —1.5°  C  and  handled  as  described  jm'viously  (4).  One 
section  was  brushed  flat  on  an  albuminized  glass  slide  and  stained  with  toluidine  blue 
for  histological  examination;  the  next  4  sections  were  i)laced  in  a  reaction  tube  for 
analysis  of  phosphorus  compounds  and  the  protein  precipitate  obtained  in  the  analysis 
was  employed  for  determination  of  protein-nitrogen  (1%)  by  the  bromsulfalein  method 
(5).  This  sequence  was  followed  through  the  entire  cort(‘x  and  into  the  medulla  of  the 
adrenal. 

Fh  osph  or  us  Deter  minatio  n 

Inorganic  and  labile-ester  phosphorus  determination  was  based  on  the  method  of 
Sumner  as  modified  by  Taussky  and  Shorr  (6),  following  a  microadaiitation  developed 
in  this  laboratory  by  Dr.  S.  L.  Bonting.  In  this  method,  phosphomolybdate  is  formed 
and  reduced  with  ferrous  sulfate  to  i)roduce  a  blue  color  which  is  measured  at  700  m/i. 

.4  pparatus 

Two  types  of  reaction  tubes  were  used:  4  mm.  inner  diameter,  27  mm.  length,  132  /nl. 
capacity;  and  4  mm.  inner  diameter,  60  mm.  length,  754  p.\.  capacity.  Other  micro¬ 
equipment  was  the  same  as  that  already  described  (7). 

Reagents 

1.  1%  ammonium  molybdate  in  1.1 5N  HjSOi. 

2.  2N  hydrochloric  acid. 

3.  5%  trichloroacetic  acid  (TCA)  solution. 
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4.  Molybdate-ferrous  sulfate  mixture;  Dissolve  0.4  gm.  of  ferrous  sulfate  (FeS04'  THjO) 
in  10  ml.  of  1%  ammonium  molybdate  solution.  Prepare  fresh  immediately  before 
eaeh  use. 

5.  Standard  phosphate  solutions:  Dilute  stoek  solution  (1  iuk-  'uL,  574  m<;;.  Na2HP04 
•2H2O  100  ml.  water)  with  5%  TCA  to  give  solutions  of  2-8  /xg  ml. 

Procedure  for  Tissue  Sections 

1.  Place  4  fresh-frozen  tissue  sections  in  27  mm.  reaction  tubes. 

2.  Remove  tubes  from  cryostat  and  add  100  /xl.  of  cold  5%  TC.\  to  each  tube;  cap 
tubes  and  mix.  (The  supernantant  fraction  is  designated  as  cold  extractable  phos¬ 
phorus,  CEP.) 

3.  Centrifuge  at  2.')00  Xg.  for  3  minutes. 

4.  Remove  50  /xl.  alicpiots  of  the  clear  extracts  and  add  each  to  a  27  mm.  tube  con¬ 
taining  50  n\.  of  molybdate-ferrous  sulfate  solution,  ('aj)  the  tubes  and  mix.  (Inas¬ 
much  as  the  color  formed  is  stable  from  2  minutes  to  2  hours,  these  samjdes  were 
not  measured  immediately.)  Proceed  with  step  10. 

5.  Remove  25  /xl.  alitpiots  from  the  original  cold  TC.\  extract  and  add  each  to  a  00 
mm.  reaction  tube  containing  25  /xl.  of  2N  HCl.  Cap  and  mix. 

0.  Place  the  tubes  in  a  boiling  water  bath,  allow  7  minutes  for  hydrolysis,  and  then 
transfer  to  an  ice  bath  for  2  minutes.  (This  fraction  is  designated  as  hot  extractable 
phosphorus,  HEP.  Extractable  ester  idiosphorus,  EEP,  is  calculated  as  HPiP-CEP). 

7.  Evaporate  to  dryness  in  a  vacuum  desiccator  over  sodium  hydroxide  pellets  and 
silica  gel. 

8.  Add  50^1.  of  5%  TC’A  to  each  tube;  mix  thoroughly. 

9.  Add  .50  /xl.  of  molybdate-ferrous  sulfate  solution  to  each  tube;  mix  and  cap. 

10.  Transfer  the  contents  of  each  tube  from  stei)s  4  and  9  to  a  microcuvette  and  deter¬ 
mine  absorbancy  at  700  m/x. 

1 1 .  Run  a  reagent  blank  by  measuring  the  absorbancy  of  a  mixture  of  50  /xl.  5%  TC.\. 
and  50  /xl.  molybdate-ferrous  sulfate  solution. 

12.  Determine  P  content  from  a  calibration  graph  constructed  for  each  experiment 
using  3  standard  solutions. 

13.  Evaporate  to  dryness  (as  in  step  7)  the  contents  remaining  in  the  original  tubes 
with  the  tissue  sections  and  determine  Pn  on  the  resi<lue. 

Procedure  for  Homogenates 

Homogenize  single  adrenal  glands  in  cold  5%  TC.\  for  1  minute  using  the  i)rocedure 
employed  in  the  ('oA  study  (1).  Centrifuge  at  2.500 Xg.  for  3  minutes  and  carry  out 
anah’sis  as  described  for  tissue  sections. 

RESULTS  -WD  DISCUSSION 

From  Figure  1  it  is  apparent  that  CFP  is  rather  uniformly  distributed  in 
all  zones.  There  is,  however,  a  di.stinct  peak  in  HlOP,  and  eonseijuently  in 
hdOP,  in  the  fascicular  zone.  Furthermore,  ACTII  administration  results  in 
a  depression  of  this  peak  and  an  elevation  of  both  IIFP  and  EFP  in  the 
reticular-medullary  border  zone  and  medulla,  while  a  small  increa.se  in  Cl'^P 
occurs  in  all  zones  except  outer  fasciculata.  There  might  be  a  connection 
between  these  data  and  the  possibility  presented  by  Symington  (S)  that 
precursors  in  the  fasciculata  are  utilized  for  hormone  synthesis  in  the 
reticularis  when  the  adrenal  is  stimulated  by  ACTII  or  stre.ss  conditions. 
Splanchnic  nerve  stimulation  in  cats  by  morphine  and  in  rats  by  insulin 
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Fig.  1.  Quantitative  histoloRical  distribution  of  inorganic  and  labile-ester  phosphorus 
in  tlie  adrenal  gland  of  male  albino  rats  and  the  effect  of  ACTH  treatment.  Four  micro¬ 
tome  sections  (each  2  mm.  diameter,  1(5  n  thick,  O.O.t  ix\.  volume)  were  used  for  eacli 
analysis  of  phosphorus  comiiounds  and  protein-nitrogen.  The  height  of  each  rectangle 
represents  twice  the  standard  error  of  the  mean  value,  the  width  rejiresents  the  tliick- 
ness  of  4  sections,  the  numbers  in  parenthesis  indicate  the  number  of  glands  usi'd  to 
obtain  the  composite  data.  Regions  marked  C,  (i,  F,  R  and  M  denote  respectively, 
capsule,  glomerulosa,  fasciculata,  reticularis  and  medulla.  Mixed  zones  are  designated 
by  both  letters. 


TaBI.K  1.  I'.KFECT  OF  TREATMENT  AM)  TIME  OF  SACRIFICE  OX  MEAN  CONCENTRATIONS  OF 
INORIiANK-  CIIOSI’HORCS  IN  WIIOl.E  RIGHT  ADRENAI,  OI.ANDS  OF  MALE  ALBINO  RATS 


Treatment 

No. 

adren¬ 

als 

mk  ('F.I* 

gland 

±.S.E. 

P* 

mk  (’EP 

mg.  wet  wt. 

±  S.E. 

P* 

MR  CEP 

IIIR.  IN 

±  S.E. 

P* 

SarriUrfd  at  Soon 

Viitreated 

5 

9.7 

0..3S 

0..39 

O.OOfi 

19 

O.fi 

ACTHt 

5 

99  1 

3.13 

0.004 

O.Sfi 

0.009 

<0.(K)l 

22 

0.4 

0.001 

(’ortisonet 

fi 

fi.fi 

0.3» 

<0.001 

0.47 

0.015 

<0.001 

33 

2.0 

<0.001 

Sham  Hypophysectomy 

I 

IS. ,5 

1.S0 

0.5S 

0.073 

23 

2.0 

Hypophysectomy 

4 

11.7 

I.fi5 

0.5 

0.S2 

0.033 

0.2 

38 

3.0 

O.OOfi 

Sacrifieedat  Midnigkt 

Untreated 

.5 

15.7 

0.R9 

0.fi7 

0.037 

29 

2.6 

ACTHt 

6 

17.5 

0.71 

0.2 

O.fifi 

0.013 

>0.fi 

31 

1.7 

>0.6 

('ortisonej 

4 

5.3 

0.70 

<0.001 

0..59 

0.052 

>0.fi 

•  2« 

5.2 

>0.6 

Sham  Hypophyset'tomv 

4 

11. .3 

O.fifi 

0.57 

0.(W5 

24 

3.2 

Hypophyswtomy 

4 

fi.n 

o.% 

0.01 

0.5S 

0.02H 

>0.fi 

2fi 

4.5 

>0.6 

••  •  p  values  referred  to  corresponding  data  on  untreated  rats;  hypophysectoniy  data  referriNj  to  that  on  sham-operated  rats,  animals 
sacrificed  6  days  after  operation. 

t  Sacrificed  3  hours  after  subcutaneous  injection  of  25  mg.  .4('TH,  kg. 

X  Sacrificedjafter  2  weeks  of  daily  sulKUtaneous  injections  of  7  mg.  cortisone  ai'ctate  kg. 
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(9),  and  in  slieep  by  insulin  (10),  was  reported  to  effect  a  decrease  in  ATP 
concentration  in  the  adrenal  medulla  with  a  corresponding  fall  in  catechol 
amine  concentration.  The  relationship  of  these  results  to  the  increase  in 
medullary  KKP  following  ACTH  treatment  ob.served  in  rats  in  the  present 
investigation  reciuires  further  study. 

The  results  of  the  investigation  on  CKP  and  EEP  in  whole  adrenals  are 
summarized  in  Tables  1  and  2,  respectively.  Significant  increases  in  Cl'^P 
values  in  adrenals  from  untreated  rats  at  midnight  compared  to  noon,  and 
at  noon  following  ACTII  administration,  were  found.  Corresponding 
significant  decreases  were  observed  in  EEP  values.  Differences  between 
control  values  and  those  following  ACTII  injection  for  either  CEP  or  EEP 
were  not  significant  at  midnight. 


Tabi.k  2.  I'Ikkkct  ok  treatment  and  time  ok  sacrikice  on  mean  concentrations  ok 

l.ABII.E-ESTER  I'HOSI’HORI  S  IN  WHOl.E  RKiHT  ADRENAL  GLANDS  OK  MALE  AI.BINO  RAIS 


Treatment 

No. 

adren¬ 

als 

PK  EEP 

Klaiul 

±S.E. 

P* 

M8  EEP 

mg.  wet  wt. 

+  S.E. 

P* 

MU  EEP 

mg.  Pn 

+  S.E. 

P* 

Saenlietd  at  Xoon 

Vntreated 

5 

7.8 

0.51 

0.31 

0.014 

15 

1.1 

ACTHt 

5 

2.7 

0.34 

0.001 

O.II 

0.016 

<0.001 

3 

0.6 

<0.001 

Cortisone  J 

6 

fi.2 

0.50 

>0.14 

0.57 

0.026 

<0.001 

30 

1.0 

0.004 

Sham  Hvpophvsfctomy 

4 

I..1 

0.24 

0.06 

0.010 

2 

0.4 

Hypophysectoiny 

4 

O.S 

0.15 

0.5 

0.06 

0.009 

>0.6 

3 

0.4 

>0.6 

SacriUced  at  Midnight 

entreated 

5 

;4.3 

0.74 

0.14 

0.032 

6 

0.5 

ACTHt 

6 

3.7 

0.60 

>0.6 

0.15 

0.026 

>0.6 

6 

I.l 

>0.6 

('ortisone* 

4 

7.fi 

0.70 

0.006 

0.40 

0.057 

0.013 

42 

3.1 

0.001 

Sham  Hvpophvsectomv 

4 

2.1 

0.20 

0.11 

0.017 

4 

0.7 

Hypophyse(*tomy 

4 

1.6 

0.24 

0.5 

0.14 

0.021 

0.3 

6 

1.2 

0.2 

•  p  values  referred  to  eorresponditii?  data  on  untreated  rats;  hypophyseetoniy  data  referred  to  that  on  sham-operated  rats,  anim  tls 
>a{  rifi«‘ed  6  days  after  operation. 

t  Sacrificed  3  hours  after  subcutaneous  injection  of  25  inj?.  .\('TH  kg. 

+  Sacrificed  after  2  weeks  of  daily  subcutaneous  injections  of  7  nig.  cortisone  acetate  kg. 


Cortisone  treatment  resulted  in  a  significant  decrease  in  whole  gland 
Cl’d*  values  both  at  noon  and  midnight,  while  an  increase  in  the  EEP  value 
occured  only  at  midnight.  Little  cortisone  effect  was  found  on  the  Ch’.P 
concentrations  at  midnight  although  significant  increases  were  observed  at 
noon.  On  the  other  hand,  increases  in  EEP  were  seen  in  both  noon  and 
midnight  concentrations.  This  complex  relationship  between  the  CEP  and 
lOI'd’  values  is  not  understood  at  present. 

I’eiss  and  Ilalkerston  (11)  found  that  there  was  an  increa.se  in  incorpora¬ 
tion  of  inorganic  P'*’  into  an  acid-soluble  fraction  of  adrenals  from  rats 
exposed  to  cold.  This  was  confirmed  by  Xicholls  and  Ros.siter  (12)  who  a'so 
showed  increased  incorporation  of  P*“  into  the  separate  inorganic  and 
labile-ester  phosphorus  fractions.  Injection  of  ACTII  was  shown  to  cau.se 
ati  effect  .similar  to  that  of  expo.sure  to  cold  (18-lo).  Xicholls  et  al.  (16) 
concludefl  that  the  changes  in  adrenal  phosphorus  metabolism,  mediated 
by  endogenous  ACTH,  were  an  increase  in  the  rate  at  which  inorganic  P^- 
pas.ses  from  the  extracellular  to  the  intracellular  .space  and  a  net  synthesis 
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of  organic-phosphorus  compounds.  Although  differences  in  experimental 
conditions  in  the  present  study  do  not  justify  direct  comparison  to  data 
from  the  experiments  on  P*’  incorporation,  both  sets  of  data  indicate  that 
ACTH  influences,  and  perhaps  regulates,  inorganic  and  labile-ester  phos¬ 
phate  concentrations  in  the  rodent  adrenal. 

It  is  also  of  interest  that  conditions,  such  as  day-night  differences  and 
ACTH  stimulation,  produce  opposite  effects  on  KKP  concentrations  and 
CoA,  although  these  changes  are  not  related  stoichiometrically  and  ATP  is 
required  for  many  reactions  in  addition  to  those  involving  sythesis  of  CoA. 

With  the  exception  of  an  increase  in  the  CEP  per  unit  P\  at  noon,  and  a 
tendency  to  a  decrease  in  total  gland  CEP  at  midnight,  no  significant 
changes  in  either  ChiP  or  EEP  were  apparent  between  the  sham-operated 
and  hypophysectomy  groups,  perhaps  because  stress  effects  were  operative 
in  both.  Hypophysectomy  was  reported  to  result  in  decreased  incorporation 
of  P--  into  inorganic  phosphate  (KI,  14),  total  acid-.soluble  phosphorus 
compounds  (11),  phospholipid  (17),  and  UXA  (18).  Subsequent  injection 
of  ACTH  reversed  these  changes  in  all  cases.  In  the  experiments  reported 
here,  those  on  adrenals  from  the  sham-operated  and  hypophysectomized 
rats  can  not  properly  be  compared  with  the  others  as  the  aminals  were  of 
different  stocks. 
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THE  ISOLATION  OF  ARGININE  VASOTOCMN  FROM  FISH 
PITUITARY  GLANDS 

HOWARD  RASMUSSFN'  and  LYMAN  CRAKJ 

Rockefeller  histitute,  Xew  York,  X.Y. 

ABSTKAC'T 

A  lUHirohypophysoal  liormonc  was  isolated  from  Hake  pituitary  powder 
by  means  of  eountereurrent  distribution  and  eolumn  ehromatographj'.  This  hor¬ 
mone  has  the  biolosieal  potency  and  amino  acid  composition  of  arginine  vasoto¬ 
cin. 

Following  their  classic  work  on  the  i.solation,  characterization  and 
synthesis  of  oxytocin  and  vasopressin  (1),  du  Vifrneaud  and  his  col¬ 
laborators  undertook  the  synthesis  of  a  variety  of  analogs  of  these  octapep- 
tides  (2).  One  of  the  first  to  he  prepared  was  arginine  vasotocin  (B).  This 
interesting  compound  represents  the  side  chain  of  arginine  vasopres.sin  and 
the  ring  of  oxytocin.  Studies  carried  out  by  Munsick,  Sawyer  and  van 
Dyke  revealed  that  this  synthetic  agent  had  marked  physiologic  activity  in 
.several  tissues  (4).  From  comparative  pharmacologic  studies,  Sawyer  was 
led  to  the  consliision  that  arginine  vasotocin  was  the  natural  neurohy¬ 
pophyseal  hormone  of  many  nonmammalian  verterbrates  {o).  This  con¬ 
clusion  has  recently  been  directly  confirmed  by  Acher  et  al.  who  have 
isolated  and  tentatively  identified  arginine  va.sotocin  from  the  pituitaries 
of  frogs  {Rana  esculcnla)  ((})  and  chickens  (7),  and  by  Heller  and  Pickering 
(S)  who  have  tentatively  isolated  this  hormone  from  Pollack  pituitaries. 
The  purpo.se  of  this  report  is  to  describe  the  isolation  of  this  hormone  from 
the  pituitary  glands  of  Hake,  Merluccius  Vulgaris. 

M.VTEUIAL  ANT)  METHODS 

Hormonal  assays  won*  carried  out  on  the  isolated  urinary  bladder  of  the  toad  (Bufo 
Mariinus).  Toads  weighins  200-240  gm.  were  kept  hydrated  but  not  fed.  Immediately 
before  use  they  were  i)ithed  and  the  bladder  removed  in  two  halve.s.  The  bladders  were 
mounted  in  a  bath  according  to  the  previously  described  modification  (9)  of  the  tech- 
nicjue  of  Bentley  (10).  The  weight  loss  (mg.  min.)  of  the  mounted  bladder  was  recorded 
every  20  minutes.  During  the  two  control  periods  the  usual  weight  loss  was  1.5  mg.  min.; 
following  a  ma.ximal  hormonal  stimulation  the  weight  loss  averaged  30-35  mg.  min. 
Between  these  extremes,  the  wc'ight  loss  was  proportional  to  the  log  dose  of  hormone 
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Fig.  1.  Tl\(‘  oouiiti'rcurient  distribution 
of  53S  nifr.  of  a  crude  Hake  i)ituitary 
powder  in  a  system  of  0.15  M  ammonium 
acetate  in  0.1%  acetic  acid:  n-lmtanol: 
pyridine  (12.5:5.4). 


The  log  dose  response  of  the  unknown  was  compared  to  that  of  arginine  vasotocin, 
arginine  vasopressin,  and  o.xytoein. 

The  crude  fish  pituitary  powders  were  obtained  from  Professor  A.  E.  Wilhelmi  of  the 
Emory  University.  They  were  fractions  prepared  during  the  course  of  liis  work  on  the 
isolation  of  the  growth  principle  from  these  glands.  Many  of  the  fractions  surveyed  had 
moderate  hormonal  activity  but  only  one  had  ai)preciable  activity.  This  had  been  pre¬ 
pared  by  overidght  extraction  of  freshl3'  ground  pitultaries  with  0.25  M  ammonium 
sulfate;  precipitation  of  the  material  with  1.25  M  ammonium  sulfate;  resolution  in  water 
at  pH4;  reprecipitation  with  1.25  M  ammoniumsulfate;  followed  In-  diahsis  and  lyo- 
j)hilization.  The  resulting  powder  was  the  starting  material  for  the  present  work. 


Fig.  2.  Chromatography  of  fractions 
48-63  (Fig.  1)  on  a  0.9X120  cm.  column 
of  Sephadex  ((1-25). 
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Countercurirnt  distribution  was  carried  out  by  luetliods  previously  described  (11). 
'I'be  s(»lvent  system  eniiiktyed  was  comjiosed  of  u-butanol:  0.15  M  ammonium  acetate 
in  0.1%  acetic  acid:  pyridine  (5:12-5:4).  .Vnalysis  for  polypeptides  and  proteins  was 
done  either  by  wei};ht  (12)  or  idtraviolet  absorption  (27S  m/x)  usins  a  Beckman  D.U. 
spectroidiotometer.  ('liromatoy;rapliy  was  i)erformed  on  a  0.9X120  cm.  column  of 
Sephadex  ((1-2.5)-  using  0.2  .M  acetic  acid  as  the  eluent.  The  Sephadex  was  screened  dry 
through  a  200  mesh  sieve.  The  material  jrassing  through  the  sieve  was  taken  up  in  0.2  M 
acetic  acid,  was  allow(‘d  to  settle,  and  tin-  fines  removed  by  <lecantation.  This  procedure 
was  repeated  several  tinu's.  The  resin  was  i)oured  into  the  column  in  30  cm.  sections. 
The  eluent  was  allowed  to  flow  without  jjressure,  attaining  a  rate  of  2-3  ml. /hr.  The 
samples  were  applied  to  the  top  of  the  column  in  1. 5-2.0  ml.  of  0.2  M  acetic  acid. 
sample  of  the  final  product  was  hydrolyzed  in  (5. ON  H('l  in  a  sealed  evacuated  tube  at 
110°  for  70  hours,  .\miuo  acid  analysis  was  carried  out  by  the  method  of  Spackman, 
Steiu  and  Moore  (13). 

RESULTS 

Wlieii  o88  mp;.  of  crude  fisli  powder  were  di.stributed  for  94  transfers,  the 
pattern  shown  in  Figjure  1  was  ob.served.  Only  in  tubes  48  to  63  was  .signifi¬ 
cant  hormonal  activity  detected.  This  material  repre.sents  1-2%  of  the 
weight  and  80-85%  of  the  estimated  hormonal  activity.  It  was  recovered, 
the  organic  solvents  removed  by  evaporation  and  the  solution  lyophilized. 
4die  lyophilized  powder  was  taken  up  in  1.5  ml.  of  0.2  .M  acetic  acid  and 

-  Manufacturc<l  bv  Pharmacia.  I’pi’^iOa,  ODo-^o 
.1  '  ‘-'® 

Sweden. 


Fig.  3.  Hechromatograiihy  of  fractions 
2S-3t)  on  Sepluulex. 
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applied  to  a  0.9 X 120  cm.  column  of  Sephadex  ((i-2o).  The  effluent  pattern 
obtained  is  shown  in  Figure  2.  The  material  in  tubes  28-30  was  recovered, 
lyophilized  and  rechromatographed  as  shown  in  Figure  3.  The  material 
(3.0  mg.)  in  tubes  20-  29  was  recovered.  It  had  a  biologic  potency  of  95 
±20%  of  a  synthetic  .sample  of  arginine  va.sotocin;  a  potency  approxi¬ 
mately  20  times  greater  than  oxytocin:  and  75  times  greater  than  arginine 
vasopres.sin.  The.se  relative  potencies  are  comparable  to  those  found  with 
the  .synthetic  va.sotocin. 

The  results  of  the  amino  acid  analysis  are  recorded  in  Table  1.  The 
isolated  material  has  a  compo.sition  similar  to  that  of  arginine  vasotocin, 
although  the  yields  of  tyrosine  and  cy.stine  were  .somewhat  low  and  that  of 
ammonia  high.  In  addition  a  small  amount  of  .serine  was  detected.  Xo 
other  amino  acids  were  found. 

Tabi.k  1.  The  amino  acid  composition  of  matekiai,  from  fractions  2(')  29,  fk;.  3 

The  recovered  amino  acids  and  ammonia  accounted  for  !(9', 
of  the  nitrojsen  and  !(4'(  of  the  \vei;fht  of  the  sample. 


Amino  acid 

Residues  pel 

•  molecule 

Unknown 

.\r,’inine  Vasotocin 

.\mmonia 

3.80  (3) 

3 

.Xr-'iiiinc 

0.82  (1) 

1 

.\spartic 

1 .00  (1) 

1 

Scrim* 

0.10 

0 

Glutamic 

0.80  (1) 

1 

I’roliiic 

1 .15(1) 

1 

f  C'ystinc 

1 .05 (2) 

2 

Isolcucinc 

1.12(1) 

1 

Tyrosine 

0.77  (1) 

1 

DISCUSSION 

Because  of  the  scarcity  of  material,  it  was  not  possible  to  characterize 
completely  the  chromatographically  purified  hormone.  However,  the  bio¬ 
logical  data  and  the  results  of  amino  acid  analysis  indicate  that  the  pitui- 
taries  of  these  fish  contain  arginine  vasotocin.  The  low  yields  of  cystine  and 
tyrosine  are  undoubtedly  due  to  oxidative  loss  of  these  amino  acids  during 
acifl  hydrolysis.  Also,  the  .serine  probably  aro.se  from  the  cystine  during 
acid  hydroly.sis.  A  similar  phenomenon  has  been  observed  by  du  Vigneaud 
(I  f)  during  the  hydrolysis  of  neurohypophy.seal  peptides,  and  we  have 
noted  it  during  the  hydrolysis  of  a  sample  of  pure  oxytocin. 

On  the  basis  of  Profes.sor  Wilhelmi’s  calculations,  it  can  be  estimated 
that  these  Hake  pituitaries  contain  at  least  30  mg.  of  arginine  vasotocin 
per  kilogram  of  glands.  Whether  other  neurohypophyseal  analogs  are 
pre.sent  in  these  glands  can  not  be  decided  on  the  basis  of  our  evidence. 

Our  data  confirm  the  supposition  of  Sawyer  that  fish  pituitaries  contain 
arginine  vasotocin  (5).  They  indicate,  as  do  the  data  of  Acher  et  al.  (0,  7) 
and  that  of  Heller  and  Pickering  (8),  that  this  hormone  is  quite  widespread 
in  the  nonmammalian  vertebrates. 
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KFFE(  T  OF  ADMINISTRATION  OF  IIFMAN  SFllFM  THVROXINF-HINDINC 
GLOBULIN  ON  THK  DISAPPEARANCE  RATES  OF  THYROID 
HORMONES  IN  THE  CHICKEN' 

ABSTRACT 

The  disappearance  rates  of  intraeardiae  administered  I'^'-laheleil  i,-thyroxine 
(T-4)  and  3,5,3'-triiod'j-L-thyronine  (T-3)  were  measured  l)y  the  whole  body  count¬ 
ing  technique  in  young  White  Leghorn  cockerels.  The  disajjjjearance  rate  was  ex- 
pres.sed  as  a  half-time  for  both  a  fast  component  (0-24)  and  a  slow  componet  (24- 
54  hours).  The  half-times  for  both  components  were  not  ditferent  for  the  two  hor¬ 
mones.  When  small  amounts  of  a  preparation  of  enriclual  human  serum  thyroxine¬ 
binding  globulin  (THG)  was  mixed  with  radiothyroxine  before  administration  of  the 
labeled  hormones,  the  half-time  of  the  labeled  T-4  in  the  first  24  hours  was  in¬ 
creased  from  9.4  ±0.5  to  14.2  ±1.8  hours.  THG  did  not  affect  the  disappearance  rate 
of  labeled  triiodothyronine  when  the  two  were  similarly  injected  nor  did  THG  affect 
the  half-time  of  the  slow  componet  of  T-4  or  T-3.  Small  amounts  of  THG  failed  to 
influence  the  half-times  of  either  of  the  two  hormones  if  the  THG  were  administered 
15  minutes  or  24  hours  after  admiidstration  of  the  hormones,  suggesting  either  that 
the  hormone  or  the  human  serum  j)rotein  was  removed  from  the  circulation  befon- 
any  combination  of  hormone  and  human  serum  protein  could  occur.  The  selective 
increa.se  in  half-time  of  T-4  by  human  THG  to  a  higher  value  than  the  half-time  of 
T-3  in  birds  complements  an  earlier  ob.servation  where  the  similar  half-times  of  the 
two  hormones  in  birds  was  attribute<l  to  a  demonstrated  absiuice  of  TH(i  in  bird 
serum.  The  results  also  support  the  view  that  the  relativ'e  potencies  of  the  two  hor¬ 
mones  in  different  species  may  be  in  part,  a  reflection  of  rates  of  their  distribution 
to  the  tissues. 

Unlike  the  5  to  8-fold  higher  activity  in  mammals  (1).  3,5,3'-triiodo-i,-thyronine 
(T-3)  exhibits  the  same  biological  potency  or  a  potency  no  greater  than  L-thyro\ine 
(T-4)  in  a  variety  of  tests  in  the  chicken  (2,  3).  This  difference  in  relative  potencies  of 
the  two  thyroid  hormones  was  exiilained  on  the  basis  of  a  fundamental  difference  in  the 
jiattern  of  transport  of  the  circulating  thyroid  hormones  in  the  two  species  (4).  Chicken 
and  duck  sera  did  not  contain  the  alpha-globulin-typc  thyroxine-binding  globulin 
(TBG)  commonly  found  in  the  blood  of  most  vertebrate  spcci(*s  (1,  5,  6).  In  mammalian 
serum,  TBG,  which  carries  the  major  part  of  circulating  thyroid  hormone,  has  a  4-fold 
higher  affinity  for  T-4  than  T-3,  whereas  in  avian  sera  the  two  hormones  are  bound 
almost  equally  as  firmly.  Consequently,  thyroxine  and  triiodothyronine  exhibited  iden¬ 
tical  disappearance  rates  in  the  chicken,  whereas  in  most  mammals  T-3  disaiipcars  at  a 
2-3  times  faster  rate  than  T-4.  It  was  suggested  therefore  that  the  relative  ease  with 
which  the  two  thyroid  hormones  diffuse  into  tissues  was  correlated  with  their  relative 
biological  potencies  (4). 

The  validity  of  the  above  explanation  would  be  enhanced  if  it  were  possible  to  modify 
the  metabolism  of  thyroid  hormones  in  birds  by  the  administration  of  mammalian 
serum  TBG.  Recently,  one  of  us  has  succeeded  in  purifying  human  serum  TBG  (7).  The 
aim  of  this  communication  is  to  describe  the  effect  of  administration  of  an  enriched 
TBG  preparation  on  the  disappearance  rates  of  thyroxine  and  triiodothyronine  in  the 
chicken. 


KXl>KRIME\T.\l, 

Human  serum  thyroxine-binding  globulin  was  ])urifi(‘d  l)y  a  method  to  be  described  else¬ 
where.  -Mthough  the  preparations  of  THG  used  in  this  work  were  not  homogeneous,  they 
were  free  from  the  other  major  thyroxine-binding  jiroteins  in  human  s(‘rum,  namely,  albumin 
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TaBI.K  1.  DkKKC  T  OK  SIMI  I-TANEors  AUMIMSTRATIOX  OK  A  HCMAX  SEKK.M  TIUi  I*REK- 
ARATKtN  ON  THE  DISA I'KEARA NTE  RATES  OK  I'’'-LABEI,EI)  L-TllYRO\INE  (T-4) 

AM)  3,5,3'-TRII0I)0-1.-THYR0M\E  (T-3)  in  the  chicken 


Substance 

.Vinoiint  injected 

Mg 

THO  prej). 
mixed  mg. 

Disappearance'  rate  or  half-time  (hours) 
Mean  ±S.l). 

0-24  hours 

24- 54  hours 

T-4 

0.077 

None 

1).  1  ±0.5  (11) 

24  ±  5  (0) 

T-4 

O.OtiO 

5.0 

14.2  +  1.8  (5) 

25+8  (5) 

T-3 

0.233 

None 

8.()±1  .4  (11) 

27  +8  (ti) 

T-3 

0.070 

5.0 

8.t)±()..5  (5) 

18+3  (5) 

\Vh<*H  mean  is  uiulcrlinod  once,  different  from  value  to  the  left,  when  doubly  underlined, 
different  from  value  above,  by  t-test,  l’=0.01. 

Numbers  in  parentheses  (  )  refer  to  the  samph'  size. 


and  “thyroxine-bindinjj  prealbumin”  (THl’.-V)  (5,  8).  Only  10-20  percent  of  total  protein  in 
preparations  used  here  eorresponded  to  an  active  thyroxine-bindinf;  component  whose  nature 
lias  been  described  (0). 

Two  typi's  of  experiments  were  performed.  In  the  first,  human  THO  was  mixed  with 
radioactive  thyroxine  and  triiodothyronine  before  administration  to  the  birds.  In  the  second 
type,  TIUi  was  administered  separately  by  tlie  intravenous  route  in  0.10  cc.  of  saline  and 
after  the  labeled  hormones.  The  amount  of  either  hormone  or  TBt!  is  (jiven  in  Table  1  and  2. 
(Iroups  of  White  Leghorn  cockends,  average  weight  of  125  gm.,  were  injected  in  the  heart 
with  0.05  ml.  of  t).15  M  NaC'l  containing  tracf'r  amounts  of  I”'-labeled  i.-thyroxine*  or  3,5,3'- 
triiodo-i,-thyronine.*  Each  bird  was  injecteil  subcutaneously  with  2ml.  of  a  0.025%  solution 
of  ])roi)ylthiouracil  at  1  hour  before  the  administration  of  the  labeled  hormones,  and  then 
at  4-12  intervals.  The  retaimal  by  each  bird  was  measureil  with  a  whole  body  well-type 
gamma  counter  against  suitable  standards,  b(*ginning  15  minutes  after  administration  of  the 
hormone  and  then  at  convenient  hourly  intervals  over  the  next  54  hours  until  at  least  12 
radioactivity  measurements  were  made  on  each  bird.  Csing  the  first  count  as  100%  and  the 
succeeding  counts  as  a  jiercentage  of  this,  the  disappearance  rates  of  the  two  hormones  were 
exjires.sed  as  half-time  for  tin*  first  24  hours  (fast  component)  and  for  25-54  hours  (slow  com¬ 
ponent).  The  ultimate  meaning  of  the  2  componet  curve  is  not  completely  understootl  but  it  is 
a  common  finding  (1)  and  may  represent  in  the  faster  component  the  passage  of  hormone 
from  the  blood  into  tissues  and  organs  and  in  the  slowin'  com|)onent  the  metabolism  of  the 
hormone  by  the  cells. 


TaBI.E  2.  liACK  OK  EKKEI'T  OK  HI  .MAN  THd  ON  THE  DISAl’CEARANrE  RATES  OK  l,-THYRO.\INE 

(T-4)  AND  3,5,3'-triiodo-i.-thyronine  (T-3)  in  the  chicken,  when 

ADMINISTERED  15  MINCTES  AND  24  HOI  RS  AKTER  THE  HOR.MONES 


Substance 

.\mouDt 

injecti'd 

Mg 

THO 

injected 

mg. 

Time  after 
hormone 
inji'ction 

1  lisappi'arance  rate  or 
half-time  (hours) 

Mean  ±S.  D. 

0  24  hours  24-  54  hours 

T-4 

0.037 

None 

11.0±2.1  (2) 

10  ±3  (2) 

T-4 

('.037 

8.0 

15  min. 

10.3+3.4  (()) 

17  +  1  (0) 

T-4 

0.077 

None 

0.4  ±0.5(11) 

24  ±5  (0) 

T-4 

0.077 

5.0 

24  hrs. 

17  ±3  (5) 

T-3 

0.034 

None 

0.5  ±1.5  (2) 

10+3  (2) 

T-3 

0.034 

8.0 

15  min. 

8. 0  +  1. 7  (2) 

17  ±1  (2) 

T-3 

0.233 

None 

8.0  +  1  .4  (11) 

27  ±8  (0) 

T-3 

0.2.33 

5.0 

24  hrs. 

18  ±3  (.5) 

*  Purchased  from  Abbott  Laboratories,  Oak  Ridge,  Teiiii.  Specific  radioactivity: 
L-thyroxine,  4(5-54  /xc  MKi  3,5,3'-triiodo-L-thyroHine,  25-33  /xc/mK-  Roth  substances  were 
checked  chroniatographica'dy  before  use  and  found  not  to  contain  more  than  7%  of  the 
radioactivity  as  iodide. 
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RKSVLTS  AN'I)  DlSCUStHOX 

Table  1  summarizes  the  results  obtained  in  birds  to  whom  a  previously  mixed  i)re|)- 
aration  of  TBG  and  either  T-4  or  T-3  was  administered,  or  the  hormones  were  fjiven 
without  the  TBG.  As  with  previous  observations  (4)  the  disa])pearanee  rates  of  the  two 
hormones  are  not  si};nifieantly  different  in  the  absence  of  the  human  TBG  prei)aration. 
However  the  half-time  of  the  faster  eomi)onent  of  thyroxine  was  markedly  increased  if 
th<‘  hormone  was  administered  after  mixing  it  in  vitro  with  a  small  amount  of  TBG. 
Th(‘  human  serum  protein  did  not  influence  the  disapjjearance  rate  of  triiodothyronine. 
The  relative  difference  in  the  half-times  of  the  two  hormones  for  the  first  24  hours  in  the 
chicken  caused  by  the  presence  of  human  TBG  resembles  the  pattern  observed  in 
mammalian  species  (1,  6). 

In  the  above  experiments,  the  administration  of  TBG  failed  to  alter  the  disai)i)ear- 
ance  rates  of  both  the  hormones  for  the  slower  component  of  24-o4  hours.  This  sug¬ 
gested  that  human  TBG  was  very  rapidly  removed  from  circulation  in  the  chicken. 
Exi)eriments  in  which  TBG  was  administered  after  the  labeled  hormones  siijiijorted  this 
explanation  (Table  2).  If  TBG  was  injected  even  onh'  15  mins,  after  T-4  or  T-3  it  failed 
to  influence  significantly  the  rate  at  which  the  hormones  wen*  metabolized.  Considering 
the  small  amount  of  human  serum  protein  administered  and  that  fudy  10-15%  of  it 
re])res(>nted  TBG,  it  is  likely  that  the  amount  of  human  TBG  circulating  in  chicken 
blood  was  too  small  to  affect  the  distribution  of  the  hormones  when  measured  over  a 
relatively  long  jx-riod  of  time.  It  is  jiossible  also  that  during  the  interval  between  hor¬ 
mone  administration  and  TBG  administration  relatively  larg(‘  amounts  of  the  hormone 
had  left  the  bh>od  and  thus  was  not  accessible  to  TBG.  When  largtT  amounts  of  human 
TBG  ar(‘  available,  it  will  be  imjmrtant  to  study  its  effect  at  a  sustatined  high  blood 
level  in  the  chicken. 

The  selective  retardation  of  the  metabolism  of  thyroxine  in  the  first  series  of  (>x- 
])eriments  comi)lements  previous  observations  on  the  absence  in  chicken  blood  of  an 
alpha-globulin-type  TBG  present  in  mammals  which  binds  thyroxine  more  firmly  than 
triiodothyronine.  In  the  i)revious  study  (4),  there  was  a  relative  absence  of  TBG  in 
chicken  blood  and  the  half-times  of  T-4  and  T-3  were  similar  while  in  the  i)resent  study 
when  TBG  was  administered,  the  half-time  of  T-4  was  increased.  The  absence  of  TBG 
in  duck  serum  has  recently  been  confirmed  (10).  The  ajiparent  relation  of  half-time  of 
the  2  thyroid  hormones  and  their  biological  activity,  similar  half-times  and  biological 
activities  in  binls  while  in  mammals  a  slower  half-time  and  lower  biological  activity  of 
T-4  than  of  T-3,  support  the  view  that  the  pattern  of  their  distribution  to  tissues  rather 
than  specific  differences  in  reacting  with  intracellular  enzymes  is  the  explanation,  at 
least  in  part,  for  the  difference  observed  in  the  biological  potencies  of  thyroid  hormones 
(6,  11). 
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INTERACTION  OF  RELAXIN  AND  OVARIAN  STEROID 
HORMONES  OF  FTERrS  OF  R.VD 

AHSTRACT 

Intact  and  ovariectoinizf'd  nits  (with  or  without  10  days  involution  period)  were 
fjiven  estradiol  henzoate  (l•'.l^)  alone  (0.2  <>r  1  daily)  and  eoneurrent  with  15 

and  45  OPC  of  ridaxin  (R)  for  periods  of  ahoiit  10  days.  In  intact  animals  EH 
stimulated  a  slight  ineri'ase  in  hoth  wid  ai  d  dry  uterine  weight  hut  the  eomhination 
of  EH  and  H  stimulated  significant  inerea.ses  hoth  in  comparison  with  control  or 
EH-treateil  animals.  Relnxin  augmented  the  uterine  growth  effect  of  estrogen  and 
induced  a  hydration  in  the  uterus.  Ovariectomized  animals  showed  a  marked  uterine 
involution  which  was  restored  with  EH,  hut  eomhination  of  hiH  and  R  failed  to 
stimulate  uterine  growth  i-omiiarahle  to  that  in  intact  animals  during  the  period  of 
injection,  due,  it  is  helieved,  to  lack  of  endogenous  ])rogesterone.  Progesterone  alone 
had  no  ajipreciahle  effect  on  uterine  growth,  and  rather  reduced  effect  of  estrogen. 
However,  it  enhanced  action  of  eomhination  of  estrogen  and  R  in  uterine  growth 
indicating  thi'se  three  hormones  ari'  reipiired  for  comirlete  growth  of  uterus. 

In  the  past,  the  jirineipal  function  assigned  to  relaxin  has  been  the  relaxative  effect 
on  the  itubic  syinithysis  associated  with  alteration  in  the  collagen  and  water  content 
of  the  pubic  ligament  (1).  More  recently,  the  role  of  relaxin  in  the  physiology  of  the 
uterus  and  mammary  gland  has  been  studied.  It  has  been  shown  that  relaxin,  alone  or 
in  synergism  with  estrogim,  influences  uterine  growth,  water  and  glycogen  content, 
contractilit.v  and  cervical  dilation  (2,  3,  4,  5,  6,  7,  8).  Evidence  of  synergism  between 
progesterone  and  relaxin  in  modifying  weight  and  composition  of  uterus  of  the  estrogen- 
))rimed,  sjiayed  rat  was  also  presented  (6).  Mammary  gland  lobule-alveolar  growth  has 
bi'cn  reported  (9,  10).  These  effects  indicate  that  relaxin  may  play  imjmrtant  roles  during 
l)regnancy  as  well  as  to  facilitate  parturition.  Present  study  is  concerned  with  interac¬ 
tion  of  relaxin  (R),  estradiol  benzoate  (EH)  and  progi'sterone  (P)  on  growth  of  the 
uterus  of  normal  and  ovariectomized  rats.  The  study  was,  in  part,  carried  out  concur¬ 
rently  with  effect  of  R  on  mammary  gland  growth  in  the  rat  (11). 

materials  and  methods 

.\(lult  female  rats  of  the  Sprague-Dawley-Rolfsmeyer  strain  weighing  ap|)roximately 
230  to  2.50  gm.,  kept  in  a  room  artificially  illuminated  during  daylight  hours,  at  a  uniform 

Received  December  5,  1900. 

'  C'ontribution  from  Mo.  Agr.  Exp.  Sta.,  Journal  Series  No.  2035.  Approved  by 
Director. 
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tcnipfratiirc  of  78  +  1°  F,  were  fell  eomniercial  rat  feed.  P'irst  groujjs  were  ovarieetoinized  2 
weeks  previous  to  start  of  experiment,  whereas  second  groups  were  started  immediately. 
Estradiol  benzoate  (EB)  was  injected  daily  at  rate  of  1  >ig  for  7  days  to  intact  groups  and  for 
0  days  to  ovarieetomized  groups  concomitant  with  30  and  90  (IPC  of  relaxin  suspended  in 
0.1  ml.  sesame  oil  plus  5%  beeswax  carrier  every  other  day.*  Progesterone  (P)  alone  and  in 
••ombination  was  administered  also.  To  study  influence  of  ovariectomy  on  uterine  involution, 
virgin  albino  rats  weighing  120  to  140  gm.  were  used.  One  lot  of  intact  animals  .served  as 
controls.  Hormone  treatment  was  the  same  as  in  the  i)revious  experiment.  On  the  daj  follow¬ 
ing  final  injection,  the  animals  were  sacrificed  and  the  uterus  was  dissected  free  of  mesentery, 
incised  longitudinally  and  bhitted  to  ab.sorb  fluid,  weighed,  dried  in  an  oven  at  100°  C  for  2 
days  and  reweighed. 

RK.SL’LT.S 

Injection  of  1  pg  estradiol  benzoate  in  intact  rats  stimulated  a  slight  increase  in  both 
wet  and  dry  weight  of  uterus.  This  was  further  increased  significantly  by  concurrent 
administration  of  EB  and  R,  in  comparison  with  control  and  EB  injected  group.  No 
difference  between  groups  receiving  doses  of  R  with  EB  was  observed  (Table  1). 

.Vfter  2  weeks,  ovarieetomized  control  animals  showed  marked  uterine  involution  on 
basis  of  wet  and  dry  weight  in  intact  control  group.  Injection  of  EB  restored  both  wet 
and  dry  weight  comparable  to  that  of  the  intact  control  group  and  increased  significantly 
these  weights  in  comparison  with  ovarieetomized  ct^itrol  group  (P  =  0.001).  Increase  in 

TaBI.K  1.  h'-FFECT  OF  REL.WIN  O.V  I'TEHINE  OROWTIl  .WO  W.ATER  CONTENT  IN  RAT 

(Involution  2  wei'ks) 


Items 

(iroiii) 

Treatment 

.\mt.XDays 

N’o.  of  rats 

Wet  wt. 
(mg.) 

Mean  ±S.i  ;. 

Dry  wt. 
(mg.) 

Mean  ±S.E. 

Wati'r  content 
(%) 

Mean  ±S.E. 

Intact  ('ontrol 

10 

486  ±39 

83.8±5.6 

82.3  ±  .5 

EB  1  Mg  X7 

10 

511  ±35 

95.2±5.2 

81  .2±  .3 

EB  1  Mg  w- 
H  loGPl'^' 

10 

685±33+s 

114.3±5.0”  83.2±.2« 

EB  I  Mg  v“ 

U  4.5(iPr^' 

10 

679  ±32*  5 

107.6±4.4* 

84.0±  .3'’« 

( Ivariectomized 
Control 

10 

134  ±  1 1 

25.2±2.6 

81 .3±  .6 

EB  1  Mg  X9 

10 

456  ± 16’ 

82.6±6.4’ 

81 .9±  .3 

EB  1  Mg  VO 

H  loGPC^-^ 

11 

491  ±24’ 

88.0±4.9’ 

82.0±  .4 

EB  1  Mg  VO 

R  45(lPr^' 

10 

500  ±31’ 

85.9±6.1’ 

82.8±  .4 

EB  =  Estradiol  Benzoate. 

H  =  Relaxin. 

‘  Significant  at  5%  to  control  group. 

*  Significant  at  1%  to  control  group. 

*  Significant  at  0.1%  to  control  group. 

“  Significant  at  2%  to  estrogen  group. 

»  Significant  at  1%  to  estrogen  group. 

'  Significant  at  0.1%.  to  estrogen  group. 


*  Relaxin  preparation  kindly  supplied  by  Dr.  R.  L.  Kroc,  Chilcott  Lab.,  Morris 
Plains,  N.  J.,  assayed  30  GPU/mg. 
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wet  and  dry  uterine  weight  under  influence  of  concurrent  EB  and  R  injections  in  the 
ovariectomized  groups  was  less  significant  than  in  intact  group.  Comparing  correspond¬ 
ing  groups  of  intact  and  castrate,  significant  differences  in  wet  and  dry  weight  were  found 
in  l)oth  groups  witli  coml)ination  of  EH  and  R. 

Either  EH  or  combination  of  EH  and  R  liad  a  tendency  to  increase  water  content  of 
uterus  in  castrate  groups,  liowever,  only  in  intact  grouj)  injected  with  EH  and  R  was  the 
water  content  of  the  uterus  increased  significantly  in  comparison  to  control  group  or 
EH  injected  group. 

When  ovarian  hormones  were  injected  immediately  following  ovariectomj'  neither 
R  nor  P  had  ai)preciable  effect  on  uterine  growth  without  EH.  Estrogen  stimulated  in¬ 
creased  wet  and  dry  uterine  weight.  Relaxin  augmented  effect  of  EH  on  wet  uterine 


T.^bi.k  2.  Ctkkine  kesco.nse  os  hats  to  ovarian  hormones 
(Injected  for  t)  days  after  ovariectomy' 


Treatment 

ru>. 

No. 

of 

ani¬ 

mals 

Wet  wt. 
(mg.) 

Mean  ±S.E. 

Eterus 

Dry  wt. 
(mg.) 

Mean  ±S.E. 

Water  con¬ 
tent  ('D 
Mean  +S.I4 

Intact  Control 

1 

8 

157.8  +  18.8 

34.1  +5.3 

78.2  +  1.1 

1{:15  (!Pr/<lav 

2 

o 

221  .4  +55.0 

40.8+0.0 

81.4+  .2 

/ig/(lav -(- H  :  lo  (!Pl'/dav 

3 

8 

440.3+41  .6 

85.6  +().4 

80.1+  .7 

( tvariectomized  control 

4 

7 

85 . 5  +  7.5 

10.7  +  1  .7 

77.7+  .4 

E.H:. 2  #ig/dav 

5 

o 

285.2+31  .6 

55 .  ()  +  6 . 2 

80.5+  .2 

l•'l»:.2  /iK/dav4-H:lo  OPE 'da v 

0 

5 

403.0+40.5 

71  .4  +8.7 

82.3  ±  .3 

I'iHrl  ns/dav 

7 

360.2  +20.8 

74.1  +4.5 

70.0+  .3 

I'iH:l  ^ig/day-t- R  :  15  (il*l’/day 
l'iH:l  jug /(lav +  R  :  1 5  (IPE'clav 

H 

0 

407.4+22.1 

78.1  ±3.0 

80. 8±  .2 

+  P:1  mg. /(lav 

11 

It 

446.8+23.5 

80.6+4.2 

70.8+  .5 

EH:1  /ug/dav P :  1  mg./dav 

10 

7 

200.8+34.3 

60.1  +7.0 

70.0+  .2 

P:1  mg./dav 

1 1 

11 

110.0  +  11  .8 

25.5+2.4 

78.6+  .4 

P:5  ma./dav 

12 

6 

120.8  +  10.2 

25.1  +2.3 

70.1  ±  .4 

R:15  CPE/day 

13 

0 

133.1  +21  .2 

28.2+3.6 

78.4  ±  .6 

E.H  =  E.stradiol  Heiizoate;  H=Relaxin;  P  =  Progesterone. 


P  Value 

il'OllpS 

Wet  wt. 

Dry  wt. 

\Vat(‘r  contc'iit 

1-  2 

n.s. 

n.s. 

0.05 

1-  3 

0.001 

0.001 

n.s. 

2-  3 

0.01 

0.01 

n.s. 

1-  4 

0.01 

0.05 

I».S. 

2-13 

n.s. 

n.s. 

0.05 

3-  8 

n.s. 

n.s. 

n.s. 

4  5 

0.001 

0.001 

0.(M)t 

5-  6 

0.05 

n.s. 

0.01 

5-  7 

0.05 

0.05 

n.s. 

4-  7 

0.001 

0.001 

0.01 

4-  8 

0.001 

0.001 

0.001 

7-  8 

n.s. 

n.s. 

0.05 

7-  0 

0.05 

0.05 

n.s. 

7-10 

n.s. 

n.s. 

n.s. 

8-  0 

n.s. 

n.s.* 

n.s.* 

8-10 

0.02 

0.05 

0.05 

0-10 

0.01 

0.001 

n.s. 

10-  6 

n.s.  * 

n.s. 

0.001 

4-11 

n.s.* 

n.s. 

n.s. 

4-13 

n.s.* 

n.s  * 

n.s. 

11-12 

n.s. 

n.s. 

n.s. 

n.s.  =none  significant;  *  =  P<0.1. 
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weight  ill  till'  lower  dose  (0.2  fxg),  hut  it  was  masked  by  EB  in  the  higher  dose  (1  ng) 
(Table  2). 

.Vdministration  of  eonibination  of  1-B,  P  and  R  caused  a  significant  increase  in  wet 
and  dry  weight  of  uterus  over  those  of  Eli  injected  animals.  \  significant  difference  in 
uterine  weight  betweem  EB  i)lus  R  and  combination  of  3  hormones  was  not  observed. 

In  intact  groups  in  first  exi)eriment,  administration  of  combination  of  EB  and  R 
caused  a  significantly  higher  uterine  water  content  in  comi)arison  to  EB  treatment  but 
without  significant  difference  between  2  doses  of  R.  Xo  significant  differences  were  ob¬ 
served  among  the  castrate  groups. 

In  the  second  exi)eriment,  both  doses  of  EB  raised  water  <-ontent  significantly  in  tin* 
uterus  comi)ar(Hl  to  castrate*  control.  Relaxin  enhanced,  significantly,  effect  of  h^B  on 
ut(‘rine  water  content  in  both  groups  receiving  estrogen. 

A  slight  decrease  in  uterine  water  content  in  rats  receiving  combination  of  3  ovarian 
hormones  was  observi'd  in  comparison  with  that  of  animals  receiving  the  combination 
of  EB  and  R.  X’either  R  nor  P  alone  increas(*d  water  content  of  uterus. 

DISCUSSION 

It  has  been  shown  in  mouse  (9,  10)  and  rat  (1 1)  that  injection  of  EB  and  R  stimulated 
growth  of  lobule-alveolar  system  of  mammary  gland  conniarable  to  that  stimulated  by 
I'iB  and  P  during  normal  jin'gnancy.  In  conjunction  with  this  latter  .«tudy  (rat)  ob¬ 
servation  on  influence  of  EB  and  R  on  wet  and  dry  uterine  weight  was  made. 

In  intact  matun*  rats  significant  increases  in  uterine  weight  were  obsi'rved  with  EB 
and  R,  whereas  in  ovariectomized  animals  the  increases  were  less  significant.  Tin*  re¬ 
duced  effect  in  ovariectomizi'd  animals  may  have  been  due  to  marked  involution  of  the 
uterus  which  preceded  trcatnu'nt  jjeriod.  Marki'd  influence  on  uterine  growth  of  EB 
apd  R  in  intact  rats  may  have  Ix'cn  due,  in  part,  to  endogenous  iirogesterone.  This  is 
suggested  by  the  results  of  the  second  expi'riment,  in  which  immediate  administration 
after  castration  of  EB  or  of  EB  jilus  R  iin'vented  uterine  involution,  and  exogenous  P 
augmented  the  effect  of  combination  of  EB  and  R. 

Present  data  indicate  that  estrogen  stimulates  an  incri'asi'd  wi't  and  dry  weight  of 
uti'rus  and  restores  involuted  uterus  following  ovariectomy.  Relaxin  slightly  augments 
uterine  growth-promoting  effect  of  estrogi'n,  but  imluci's  a  significant  hydration  of  the 
uterus.  Progi'sterone  r<‘duced  effect  of  estrogen  on  uterine  growth  and  hatl  no  ai)preciable 
effect  on  uterine  growth.  However,  P  enhanci'd  action  of  EB  and  R.  and  increased  uterine 
weight  with  rather  slight  decrease  in  hydration  due  to  increase  of  dry  weight. 

It  is  concluded  that  endogenous  P  is  involved,  in  part,  in  increased  response*  of  the 
uterus  in  the  intact  rat.  R(*sults  of  pres(*nt  experiment  confirm  jjrevious  rejiurts  (4,  fi). 
As  maximum  uterine  hydration  due  to  R  was  observed  at  (5  hours  following  injection 
(6,  7),  fi-hours  assay  wouhl  be  requir<*d  for  a  more  elevated  hyelration. 

It  appears  that  EB  and  R  sejiaratelj’,  or  in  conjunction  with  P,  have  the  capacity  to 
stimulate  growth  in  2  tissues  of  the  rei)roductive  system,  namely,  the  mammary  glands 
(10)  and  uterus  during  injection  periods  corresponding  to  the  first  half  of  pregnancy. 

Hiroshi  W.\1)A*  .\ni)  (’h.\klks  W.  Tuknkk 

Department  of  Dairy  Husbanetry 
University  of  Missouri 
Columbia,  Missouri 


’  Research  Scholar,  Ministry  of  Education,  Japan,  and  Medical  Fellow  of  Poiiulation 
Camncil.  Present  address;  College  of  .\griculture,  Univ.  of  Okayama,  Japan.  This  in¬ 
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EFFECT  OF  V.KSOPRESSIN  ON  SODIF.M  TR.VNSFER  BY 
R.\T  COLON  /.V  VITHO^ 

.\HSTU.\CT 

Evprtfd  segments  of  rat  colon  incubated  in  Krebs-Ringer  bicarl.onate  contain¬ 
ing  glucose  consistently  show  increased  net  transfer  of  sodium  from  mucosal  to 
serosal  fluid  when  Pitressin  is  present  in  the  serosal  fluid.  When  Pitressin  is  present 
only  in  the  mucosal  fluid,  ,tbi><  effect  is  not  observed. 

BlickeiLstaff  (1)  has  reporteel  an  increase  in  water  alisorption  from  fistulas  of  jejunum 
in  (logs  after  Pitressin  injection,  and  Fssing  (2)  observed  that  the  drug  jiroduct'd  a 
transient  increase  in  the  short  circuit  current  (active  Na  transport)  across  the  isolated 
mucosa  of  the  guiiu'a  pig  cecum.  The  latter  has  also  shown  that  Pitrc'ssin  increases  active 
transfer  of  sodium  and  flow  of  water  across  frog  skin  (3).  Leaf  (4)  has  reported  a  similar 
effect  of  Pitressin  on  active  sodium  transfer  and  water  movement  across  isolati'd  toad 
bladder. 

.Vn  in  vitro  method  for  study  of  sodium  absorption  by  segments  of  rat  intestine  has 
been  developed  in  this  laboratory,  and  it  seeim'd  of  interest  to  study  the  effect  of  vaso- 
pn'ssin  on  this  preparation. 


.METHODS  AND  M.ATERIALS 

The  preparation  is  a  modification  of  the  method  of  Wilson  and  Wiseman  (5).  Male 
Sprague-1  )awley  rats  weighing  23()-2(>()  gm.  were  used.  The  animals  were  fasted  for  20  hours, 
then  given  0  cc.  of  12'',  ethanol/lOO  gm.  body  weight  by  stomach  tula*  under  light  ether 
anesthesia.  P'orty  minutes  later,  the  abdomen  was  oiiened  and  about  the  first  7  cm.  of  large 
gut  separated  from  the  rest  of  the  tract  and  flushed  thoroughly  with  warm  0.9',  NaCl,  while 
still  joined  to  the  mesentery.  In  (‘arlier  e.xperiments  we  found  that  it  is  essential  to  minimize 
the  period  of  anoxia  between  removal  of  the  segment  and  jilacement  in  the  incubation  im*- 
dium.  .\fter  flushing,  the  segment  was  cut  away  from  the  mesentery,  rinsed  in  warm  0.9')f 
XaCl  and  everted  with  a  glass  rod.  One  end  was  tied  off,  2.0  cc.  of  buffer  ])laced  in  the  serosal 
(inside)  compartment  using  a  blunted  needle  and  5  cc.  syringe,  and  the  remaining  end  tied 
off  and  the  segment  jilaced  in  a  llOXtio  mm.  crystalizing  dish  containing  50  cc.  of  buffer 
already  being  gassed  with  95G  ()•.  -5'’,  C()>  and  shaking  at  125  oscillations/minute  in  a 
Dubnof  incubator.  The  buffer,  which  was  u.sed  for  both  serosal  and  mucosal  (outside)  fluids, 
was  a  Krebs-Ringer  bicarbonate  having  135  mM  Na,  glucose  200  mg.9J  and  about  0.001  mc 

Received  December  14,  1900. 

*  This  investigation  was  supiiorted  by  PHS  grant  .V  1905  from  the  National  In- 
tional  Institutes  of  Health. 
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of  radiosodium  22/100  co.  Each  experiment  included  a  segmcuit  from  each  of  four  animals, 
two  .serving  as  controls  and  two  as  experimeiitals.  In  the  first  seri«-s  of  experiments  vasopressin 
was  present  oidy  in  the  .serosal  fluid  and  in  the  second  only  in  the  mucosal  fluid.  The  con- 
(•(Mitration  in  all  cases  was  of  0.1  unit/cc. 

.\ft»‘r  thre»‘  hours  of  incubation  the  seKinents  were-  blotted,  opiuied  and  drained  into 
weighed  sample  tubes,  and  the  final  serosal  volume  of  fluid  determined  by  a  second  weighing. 
In  spite  of  the  long  i)eriod  of  incubation,  segments  do  not  slough  mucosa  when  blotted. 
Hadiosodium  was  counted  in  a  scintillation  well.  The  specific  activity  of  the  labeled  buffer 
used  for  ineid)ation  medium  and  injection  of  the  segments  was  determined  by  counting  a 
measured  volume  of  the  buffer  and  calculating  counts/ 10  minutes//ig  total  Xa.  This  value 
and  counts  obtained  from  the  .serosal  fluid  of  incubated  segments  were  us(‘d  to  calculate  the 
amount  of  sodium  absorbed  into  the  serosal  compartment.  Segments  were  dried  in  an  oven, 
and  sodium  absorption  in  /ig  Xa/mg.  tissue  dry  weight  determined.  C'omiiK'rcial  vasoi)ressin 
(I’itressin,  Parke,  Davisj  was  employed  in  all  experiments. 


KKSCLTS 

Segments  of  colon  ineubate<l  uinler  the  conditions  described  sliowed  a  net  transfer  of 
fluid  and  sodium  from  mucosal  to  serosal  comi)artment  (absorption).  Sodium  was  ab¬ 
sorbed  in  excess  of  water,  and  the  concentration  of  this  ion  in  the  serosal  fluid  increased. 
In  each  case  in  which  hormones  were  jtresent  in  the  serosal  fluid,  increased  ab.sorption  of 
sodium  occurred,  and  final  concentrations  of  sodium  were  higher  in  the  serosal  fluid  of 
treated  segments  (Table  1).  In  the  two  experiments  in  which  Pitressin  was  present  only 


T.abi.e  1.  Effect  of  pitkessix  in  the  sekosai.  fh  id  on 

SODICM  ABSORPTION  BY  RAT  COLON 


Sodium  absorption,  mi( 
'  tlrv  tissue 

•rogranis  /  mg. 

Final  concentration,  serosal  fluid 
.sodium.  Initial  concentration 

Exp.  N 

lO. 

13.5 

mM 

('oiitrol 

Pitressin 

Control 

Pitressin 

1 

12.3 

_ 

172 

_ 

8.2 

13. 5 

100 

l(i3 

2 

2.7 

11.2 

1.53 

10.5 

11  .0 

22.8 

1.58 

3 

12.1 

21  .2 

171 

172 

— 

17  ..5 

— 

100 

4 

11.1 

12. .5 

173 

100 

12.2 

14.0 

102 

188 

!».!) 

10.1 

X  104 

173 

S,  =  l  ..53 

S,  =  3  .  .50 

t  =4.0.5 

t  =  2. .57 

in  the  mucosal  fluid,  no  consistent  effect  of  the  hormones  on  sodium  absorption  was 
observed  (Table  2.).  Segments  from  all  animals  also  absorbeil  small  amounts  of  water 
into  the  serosal  comiiartment  (le.ss  than  one  cc.),  hut  no  effect  of  Pitressin  on  water 
absorption  was  observed. 

DISCUSSION’ 

Parsons  and  Paterson  (6)  recently  reported  studies  of  an  in  vitro  preparation  of  rat 
colonic  mucosa  which  showed  solute  absorption  in  excess  of  water  from  “isotonic” 
mucosal  fluid,  as  was  observed  in  our  preparation.  The  effect  of  Pitressin  on  sodium 
transport  observed  here  is  similar  to  that  reported  by  Tssing  (3)  in  frog  skin  and  Leaf 
(4)  in  toad  bladder.  Leaf  and  his  associates  have  also  found  that  Pitressin  accelerates  the 
passive  movement  of  water  and  urea  across  the  wall  of  toad  bladder  from  mucosal  to 
serosal  surfaces,  and  have  concluded  that  neurohypojihyseal  hormones  increase  the 


June,  11)01 


NOTES  AND  COMMENTS 


TaBI.E  2.  SoDll  M  ABSt)RrTl()X  BY  SEGMENTS  OE  HAT  I'OLON  WITH 
AM)  WITIIOI  T  PITRESSIN  IN  THE  Ml't'DSAI,  EM  U) 

Final  concentration  serosal  fluid 

Sodinin  aWsorption,  inicrograius/in>!;.  sodinin.  Initial  concentration, 
Exp.  No.  1 3o  in.M 


('ontrol 

Pitressin 

Contri'l 

Pitressin 

1 

10.!) 

5 . .) 

108 

103 

7.!) 

10.0 

103 

104 

2 

12.2 

8.0 

170 

100 

5 . 7 

11.1 

1.58 

1.5!) 

liermeahility  of  a  mucosal  diffusioii  barrier  to  water,  sodium  and  urea.  Incroased 
active  sodium  transport  is  thought  to  be  secondary  to  this  increase  in  iiermeability  (4). 
These  investigators  also  found  that  Pitressin  exerts  its  effects  on  jiermeability  only 
when  present  in  the  fluid  bathing  the  serosal  surface  of  the  bladder.  We  find  a  similar 
requirement  for  the  effect  of  Pitressin  on  sodium  absoriition  by  the  rat  colon  in  vitro. 
Curran  and  Schwartz  (7)  have  shown  that  water  absorjition  by  rat  colon  in  vivo  is  a 
passive  process,  dependent  on  solute  absorption.  It  may  be  that  absorption  of  water 
into  the  serosal  compartment  of  our  segments  is  limited  by  their  elastic  walls,  'rims 
when  the  serosal  volume  reaches  a  certain  level,  water  is  forced  out  as  rapidly  as  it 
enters.  .Absorption  of  sodium  continues,  however,  and  the  cation  accumulates  in  the 
serosal  compartment. 

It  must  be  emphasized  that  the  amounts  of  Pitressin  used  in  these  exiieriments  were 
large  (0.1  unit  cc.).  Neveftheless,  it  is  tempting  to  think  that  anti-diuretic  hormone 
exerts  effects  on  intestine  similar  to  those  on  amphibian  skin  and  bladder,  and  the 
kidney. 

Kenneth  .\.  .Aulsebrook 

Department  of  Physiology 
School  of  Medicine 
I'niversity  of  Arkansas 
Little  Rock,  Arkansas 
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RESPONSE  OF  THE  THYROIDAL  IODIDE  Pl’MP  IN  HYPOPHYSECTOMIZED 
RATS  ON  A  LOW  IODINE  DIET  TO  THE  PLASMA  OF  OOITROFS  RATS' 

AHSTRACT 

The  thyroid /sere ni  radioiodide  eoiieentration  ratio  (T/S)  of  hypophyseeto- 
inized  rats  fed  a  Remington  diet  rose  in  response  to  the  injeetion  of  3  ml.  of  plasma 
from  normal  or  triiodothyronine  treated  rats  only  if  at  least  1.5  me  of  TSH  was 
added  to  it.  The  same  amount  of  plasma  from  rats  with  propylthiouracil-imliiced 
goiter,  however,  raised  the  T/S  without  the  addition  of  TSIl.  Tlie  coiitratlietory  pub¬ 
lished  finditigs  eoneerning  the  thyrotrophic  activity  of  the  serum  of  normal  and 
goitrous  rats  are  briefly  discussed. 

Low  iodine  intake  enhances  the  resironse  of  the  thyroid  serum  radioiodide  concen¬ 
tration  ratio  (T/S)  of  hypojthyseetoinized  rats  to  largt'  doses  of  TSH  (1,2).  The  smallest 
amount  of  TSH  which  was  sliown  significantly  to  raise  the  T/S  of  hyitophysectomized 
rats  fed  adequate  amounts  of  iodine  was  5  (3)  or  10  (4)  mu.  This  report  demonstrates 
that  iodine  deficiency  increases  the  sensitivit}-  of  the  T/S  response  in  liyjtopliysec- 
tomized  rats  so  that  1.5  mu.  of  TSH  or  the  roughly  ecpiivalent  tliyrotrophic  activity  of 
3  ml.  of  plasma  from  goitrous  rats  can  be  detected. 

.\l.\TKRI.\LS  .\NI)  METHODS 

Plasma  was  obtained  by  withdrawing  (into  hej)arinizcd  syringe's)  and  pooling  blooil  from 
the  aorta  of  a)  normal  rats  we'ighting  2.50-300  gm.,  b)  rats  treateel  with  It)  /ig  of  i,-triiodo- 
thyronine  sodium  (T3)  for  22  days  (body  weight  200-2.50  gm.),  and  c)  rats  fed  jeropyl- 
thiouracil  (PTC)  in  the  diet  (0.03' D  for  22  days  (body  weight  20()-2.5t)  gm.).  .\11  the.se  rats 
were  males  of  the  Holtzman  strain  and  rece'ived  Rockland  diet.  TSH  (.\rmour)*  was  mixed 
with  portions  of  the  pooled  plasma  from  the  rats  in  groups  a)  and  b)  immediately  after  its 
separation  by  centrifugation  to  yield  the  amounts  per  3  ml.  shown  in  Figure'  1.  The  re'cipients 
were  hypeephy.se'cteemizeel  male  Sprageie'-l )awley  rats  eibtaineel  freun  the  lleermeme  .\ssay 
Labeerateeries,  Chicage).  They  were  starteel  em  a  re'gime'ti  eef  Leew  loeline  Test  Diet  (Nutri¬ 
tional  Bieichemicals,  Clevelanel)  5-7  elays  peesteeperatively.  This  elie't  was  given  for  15  elays. 
During  the  last  4  elays  each  of  these  rats  ree'eive'el  2  mg.  e>f  cortiseuie  acetate  subcutaneously 
te)  bolster  their  resistance  anel  eliminish  peessible  aelverse  reactieens  tee  inje'cte'd  jelasma.  Ceer- 
ti.sone  was  feeunel  not  to  interfere  with  the  T/S  resijeense  of  hypeephyse'cteemizeel  rats  te)  TSH 
(5).  Twenty-four  hoeirs  before  the  rats  were  killeel  the'y  were  injecteel  intrape'ritone*ally  with 
3  ml.  of  saline  or  of  ])lasma  freshly  .separateel  from  eleeneer  bleeejel  (with  or  witheiut  TSH  aeleleel). 
T/S  eleterminatieens  were  pertbrme'el  by  the  methoel  e)f  VanelerLaan  anel  (Jre'er  (ti). 


RESULTS 

Figure  1  shows  the  response  eef  the  T/S  tee  jtlasma  of  ge)itrous  rats  anel  its  failure  to 
rise  uneler  the  effect  of  neirmal  i)lasma  eer  that  eef  T3  treateel  rats  unh'ss  at  least  1.5  mu 
of  TSH  was  aeleh'el  te)  it. 

DISCUSSION 

The  metheiel  usee!  in  this  stuely  was  sensitive  ene)Ugh  te)  eletee't  eneleigenous  thyro- 
trojihic  activity  in  3  ml.  of  plasma  fre)m  rats  feel  0.03%  PTC  in  the  eliet  for  22  elays,  eir 
1.5  mu  of  TSH  aeleh'd  to  the  jilasma  e)f  T3  treate'el  rats  which  presumably  hael  ne)  enelog- 
enous  TSH  activity  anel  may  even  have  containe>el  a  substance  e)r  substances  antag¬ 
onistic  to  TSH  (7). 

McKenzie  (8)  has  recentlj’  reviewenl  the  literature  concerning  TSH  content  of  human 
serum.  \Ve  are  not  aware  of  a  comjiarable  compilatiem  of  the  much  scantier  information 
regareling  rat  serum  or  plasma. 

The  levels  of  thyrotreiphic  activitj’  repeirteel  for  normal  rat  serum  vary  considerably. 
Jagielh)  and  McKenzie  (9)  founel  no  activitj’  in  0.5  ml.  with  the  mouse  th3-roid  I"" 
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+  rSH - ►  -  -  -  3 mU.  I5mu  —  O.SmU  iSmU. 

Fig.  1.  Effect  of  i)lasina  from  goitrous  rats  or  from  normal  rats  and  T3  treated  rats 
(with  or  without  TSH  added)  on  the  thyroid  serum  radioiodide  concentration  ratio 
(T  S)  of  hypopliysectomized  rats.  Vertical  bars;  means;  vertical  lines:  ± standard  errors 
of  the  mean.  Number  of  recii)ients  in  parentheses.  Statistical  significance  (bars  counted 
from  left  to  right) :  1  vs.  8,  6,  .7  P  >0.1 ;  2,  4,  5,  8  vs.  1 ,  3,  6,  7  P  <0.01 ;  2  vs.  8  P  >0.1 ; 
2  vs.  4  P  =  0.03-0.04;  vs.  5  P  =  0.06-0.07;  2  vs.  o  P  =  0.01-0.02;  4,  5  vs  8  P  <0.01. 

release  method  (10)  which  is  said  to  demonstrate  as  little  as  0.025  mu.  Our  method 
showed  no  activity  in  3  ml.  jdasma.  Del  Conte  and  Stux  (11),  who  used  a  techniciue 
based  on  cytologic  changes  elicited  in  the  guinea  pig  thyroid,  found  0.004-0.012  mu,  ml.’ 
On  the  other  hand,  the  stasis  tadi)ole  method  of  D’.Vngelo  (12,  13,  14  and  personal 
communication)  reproducibly  demonstrates  concentrations  of  0.6-1. 0  mu/ml.  Such 
amounts  should  have  raised  the  T  'S  significantly  in  our  recii)ient  rats. 

The  reix)rted  observations  for  serum  of  rats  made  goitrous  with  thiocarbonamides 
are  also  contradictory.  Our  rough  estimate  of  .lagiello  and  McKenzie’s  (9)  results  is 
based  on  (10),  since  they  assayed  no  standard  preparation  concomitantly,  and  suggests 
about  0.4  mu  ml.  in  the  serum  of  rats  which  had  receive<l  a  diet  containing  0.03% 
PTC  for  13  days.  The  results  of  this  .study  indicate  tliat  in  rats  fed  0.03%  PTC  for  22 
days  the  plasma  TSH  level  is  0., 5-1.0  mu  ml.,  and  probably  closer  to  the  lower  limit. 
Del  Conte  and  Stux  (11)  estimat('d  2.0-6.0  mu  ml.’  in  the  serum  of  rats  given  10-20 
mg.  thiourea  daily  for  30  days.  D’Angelo  reported  about  1.3  mu/ ml.  after  0.05%  PTC 
in  the  fliet  for  18  days  in  one  .study  (12)  and  1.6  mu  ml.  in  the  serum  of  rats  which  wen* 
on  0.1%  PTC  in  the  diet  for  30  days.  It  is  remarkable  that  according  to  Del  Conte  and 
Stux  (11)  .serum  TSH  rose  .500-fold  under  the  effect  of  a  relatively  mild  goitrogen, 
whereas  in  the  exi)erience  of  D’.Vngelo  one  month’s  treatment  with  the  potent  PTC 

’  McKenzie  (7)  has  jjointed  out  the  uncertainties  regarding  the  potency  of  tlu' 
Junkmann-Schoeller  (.J.S.)  unit  vs.  the  C.S.P.  unit  used  throughout  this  note.  He  con¬ 
siders  1  C.S.P.C.  =  10  — 12  .l.S.I'.  the  most  reliable  estimate.  D’.Vngelo,  however,  used 
a  standard  in  his  earlier  stinly  (11)  which  was  said  to  contain  8-10  .J.S. C.,  mg.,  but  was 
later  found  to  have  a  potency  of  2  C.S.P. C.  mg.  (i)ersonal  communication).  Hence  for 
the  results  of  Del  Conte  and  Stux  (10),  which  were  expressed  in  J.  S.C.,  a  range  is  given. 
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elevated  it  only  l.ti-fold  (13)-  Methods  whieh  fail  to  show  thyrotrophie  activity  in  nor¬ 
mal  rat  plasma  or  serum,  sueh  as  that  of  McKenzie  (10)  and  the  one  used  in  this  study, 
obviouslj-  cannot  contribute  to  the  resolution  *)f  this  enormous  discrepancy. 

It  is  evident  that  the  question  of  the  level  of  thyrotrophie  activity  in  normal  rat 
serum  and  that  of  goitrous  rats  is  far  from  being  settled.  Further  work  is  needed  on 
identical  sera  with  different  methods  sensitive  enough  to  permit  not  only  demonstration 
of  TSH  in  normal  rat  serum  but  also  2+2  assays  against  simultaneously  run  standards 
to  make  statistical  evaluation  of  the  results  feasible.  The  jm-ssibility  that  substances 
antagonistic  to  TSII  lower  the  demonstrable  activity  in  some  assays  but  not  in  others 
may  then  emerge.  Cntil  such  comi)arative  assays  are  reliably  done,  the  discr«>i)ancies 
comi)oundefl  and  reviewed  in  this  note  will  remain  completely  inexplicable. 

1).  K.  CrANNKH,^  S.  J.  C'UKTIS*  AND  N.  S.  Halmi 

Department  of  Anatotny 
State  i'niversity  of  Iowa 
Iowa  City,  Iowa 
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EFFECTS  OF  THYROXINE  AND  TRIIODOTHYROPROPIONIC:  ACID  ON 
GROWTH  OF  THIOl  R.\CIL-TREATED  RATS 

AHSTR.\CT 

Weanling  rats  treated  chronically  with  thiouracil  in  the  diet  showed  significant 
dej)ression  of  growth  rate  by  the  end  of  2  weeks  and  virtually  complete  cessation 
by  ()-7  weeks.  It  was  possible  to  reinstate  growth  with  minute  fractions  of  a  daily, 
non-calorigenic  dose  of  i.-thyroxine  or  3,5,3'-triiodothyropropionic  acid.  Per¬ 
ceptible  growth  was  obtained  with  a  minimum  of  0.04  mK/IOO  gm.  b.wt./day  of 
either  compound.  The  extreme  .sensitivity  of  growth  to  minute  doses  suggests  a 
useful  method  of  selecting  compounds  for  veterinary  and  human  clinical  trial. 
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Rfcontly,  Evans,  et  al.  (1)  demonstratod  quantitative  differences  in  L-'l’d  reciuire- 
inents  fur  a  number  of  l)iolo}>;ical  responses  within  the  same  rat.  Tliey  administered  l- 
thyro.xine  (L-T4)  daily,  for  Ob  days,  to  rats  thyroidectomizi'd  at  28  days  af?c.  We  have 
also  observed  and  reported  (2,  II)  different  ratios  of  effectiveness  for  L-'IM  and  several  of 
its  analogues  for  different  biological  endpoints  in  intact  rats,  with  and  without  con¬ 
comitant  thiouracil  (TC)  treatment.  Of  particular  interest  is  Evans’  observation  (1) 
that  significant  growth  could  be  reinstated  with  relatively  minute  non-calorigenic  daily 
doses  of  L-T4  in  rats  thyroidectomized  at  an  early  age.  We  have  obtained  similar  results 
with  animals  whose  body  weight  increase  was  stoi)ped  at  an  early  age  by  chronic  TC 
treatment. 


M.\TKHI.\LS  AND  MKTHODS 

Thirty-nine  male  rats,  23  days  of  age  on  day  0  (Fig.  1 ),  were  divided  into  3  groups  of  13 
each.  One  gnuip  .serv'cd  as  normal  controls  throughout  the  cxpcrinuMit.  The  other  2  groups 
were  allowed  to  (“at  powdered  Rockland  Rat  Diet  containing  eith(“r  0.2'  ,  or  0.3'’i  TC  until 
day  23.  The  growth-iidiibiting  efTects  (using  body  wt.  as  criterion  of  growth)  at  these  con¬ 
centrations  appeared  to  he  (“(luivocal  during  the  first  three  W(“eks  of  TC  treatment.  There¬ 
after  all  of  the  rats  received  0.2',  TC.  On  day  33  the  21  surviving  TC-treat(“d  rats  were 
divided  into  3  groups  of  7  each.  One  groU|)  s(“rved  as  TC  controls  throughout  tlu*  balance*  of 
the  experiment.  The  other  two  groups  received  several  courses  of  daily  suhcutaiu'ous  injec- 


Fig.  1.  Effect  of  thiouracil  (TC)  f('d  chronically  in  the  diet  and  subcutaneous  injec¬ 
tions  of  L-thyroxine  (L-T4)  or  3,5,3'-triiodothyropropionic  acid  (T3P)  on  body  weight 
of  male  rats.  Doses  of  L-T4  and  T3P  during  Periods  I,  II,  111,  IV  and  V  were  4.0,  0.8, 
0.2,  0.02  and  0.04  g./lOO  gm.  b.wt. 'day,  respectively. 
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tioiis  of  I^T4  sodium  pcntahydrato  or  3,5,3'-triiodothyroj)ropionic  acid  (T3P)  at  various 
dosages  and  for  varying  lengths  of  time  depending  on  the  body  weight  responses  obtained. 
.\11  rats  were  allowed  diets  and  tap  watc'r  ad  libitum  and  body  weights  were  measured  regularly. 
Injectable  alcoholic-alkaline  .solutions  of  L-T4  and  TSP  were  prepared  and  stored  cold  as 
previously  described  (2,  3). 


KKSULTS  .\XO  DI.SCUSSION' 

Figure  1  demonstrates  that  chronic  treatment  of  weanling  rats  with  TC  in  the  diet 
caused  significant  retardation  of  growth  by  day  14.  Body  weight  gain  virtually  ceased 
after  0-7  weeks  (day  42-49)  of  goitrogen  treatment  as  shown  by  the  TF  controls.  The 
first  course  of  L-T4  and  T3P  injections  was  from  days  33-47  at  doses  calculated  to  be 
biologically  ecjuivalent  and  non-calorigenic  in  chronically  TE  treated  rats  (3).  Growth 
rates  were  immediately  accelerated  to  normal  by  both  compounds  and  maximum  gains 
were  reached  about  7  days  after  the  last  injection.  L-T4  appeared  to  have  slightly  more 
activity  than  T3P.  Subs<‘(juent  courses  of  L-T4  and  T3P  at  0.8  and  0.2  jitg  100  gm. 
b.wt.  (lay  (1  5  and  1/20  of  the  dose  used  in  the  first  course  of  treatment)  i)roduced 
additional,  although  proi)ortionately  less,  growth.  However,  given  sufficient  time  be¬ 
tween  courses  of  tn'atment,  the  api)arent  growth  at  these  lower  doses  was  i)artly  or 
completely  reversed  in  the  interim.  Following  the  third  course  of  treatment  with  L-T4 
and  T3P  no  injections  were  given  from  days  108  to  182.  During  the  first  half  of  this 
l)eriod  the  i)reviously  stimulated  groui)s  lost  an  average  of  20-35  gm.  body  weight. 
Since  weight  was  the  sole  criterion  of  response,  the  ai)parent  growth  observed  earlier  at 
doses  less  than  4  /xg  could  have  been  largely  due  to  increased  protein  and  fat  deposition 
(4)  with  only  slight  increases  in  lin(*ar  growth  (l)ody  length). 

When  L-T4  and  T3P  were  injected  at  a  dose  of  0.02  /xg-  100  gm  (lay,  for  35  days, 
beginning  on  day  182,  growth  stimulation  was  not  obtain(Hi.  In  fact,  the  L-T4  group 
lost  about  20  gm.  during  the  latter  half  of  this  dose  period  (202-217  days).  .Vt  this  time, 
(202-217  days),  it  will  be  noted  that  the  TF  control  group  was  utilized  to  obtain  rein¬ 
forcing  information  regarding  response  or  no-response  to  such  minute  doses.  Conse¬ 
quently.  it  was  observ('d  that  while  none  of  the  TF-treated  groups  responded  to  daily 
doses  of  0.02  /xg  L-T4  or  T3P,  all  of  the  groups  appeared  to  give  a  very  slight  response 
to  0.04  pg  of  either  compound  during  the  last  injection  period  (days  217-232).  Thus,  it 
appears  that  under  our  test  conditions,  the  minimum  daily  dose  of  L-T4  n(*eded  to  ob¬ 
tain  a  measurable  increase  in  growth  is  about  0.04  /xg.  Evans,  et  al.  (1)  suggests  0.05 
/xg  L-T4,  or  less,  as  the  minimum.  In  addition  T3P  appears  to  be  at  least  half  as  potent 
as  L-T4  when  both  compounds  are  given  subcutaneously.  This  is  in  good  agreement 
with  results  obtained  in  calorigenic  and  goiter-prevention  comiiarisons  of  these  com- 
pounds  in  TF  treated  rats  (3).  However,  when  given  in  the  diet  T3P  has  been  found  to 
have  2-4  times  the  calorigenic  activity  of  L-T4  in  rats  (5). 

The  work  of  Evans,  et  al.  (1)  and  the  present  rei)ort  demonstrates  that  rats  whose 
growth  has  been  stunt((d  by  surgical  thyroidectomy  (1)  or  chronic  TF  treatment  (this 
report)  are  extremely  sensitive  to  minute,  non-calorigenie  doses  of  L-T4  and  T3P  as 
shown  by  rapid  reinstatement  of  growth.  When  the  parameters  of  this  test  system  are 
(lelineat(Hf  it  may  afford  a  convenient  method  for  comparing  the  relative  activities  of 
L-T4  analogues.  It  would  be  of  interest,  and  po.ssibly  of  therapeutic  implications,  to 
determine  the  ratio  of  maximum  non-calorigenic  dose  to  minimum  dose  for  restoration  of 
normal  growth.  .Analogues  with  the  highest  ratios  would  be  .selected  for  clinical  trial,  e.g., 
in  accelerating  growth  of  domesticated  animals  and  retarded  children. 

Neil  R.  St.vsilli,  Robert  L.  Kroc  .\ni)  Paul  J.  Nemith 
Warner- Latnbert  Research  Institute 
.Morris  Plains 
Xew  Jersey 
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THE  EFFECT  OF  A  HYPOTHALAMIC  EXTRAC'T  ON  THE  PLASMA 
LL'TEINIZLNO  HOR.MONE  (LH)  AC'TIVITY  OF  THE  ESTROGENIZEI), 
OVA R I ECTOM IZE D  R.VT‘ 

AHSTRAC^T 

The  LH  activity  of  rat  jilasma  was  estimated  by  the  ovarian  ascorbic  acid  deple¬ 
tion  method.  Significant  LH  activity  was  found  in  plasma  from  rats  which  had  been 
ovariectomized  for  1--4  months.  .\  single  subcutaneous  injection  of  1.0  of  estradiol 
benzoate  produced  a  marked  decrease  in  this  activity  on  assay  3  days  later.  Tin* 

LH  activity  in  plasma  of  such  estrogen-treated,  ovaric'ctomized  rats  was  signif¬ 
icantly  elevated  within  10  minutes  after  the  intravenous  injection  of  an  acidic  extract 
of  rat  stalk-median  eminence  tissue,  whenais  injection  of  extract  from  cerebral  cor¬ 
tex  was  without  significant  effect.  It  is  suggested  that  stalk-median  emiinuice  tissue 
contains  a  specific  LH-releasing  factor. 

An  acidic  extract  of  rat  liypothalamic  tissue  prepared  from  the  stalk-median  emienci' 
region  possesses  significant  LH-releasing  activity  as  measured  by  ovarian  ascorbic  acid 
depletion  in  immature  rats  pretreated  with  gonadotophins  (1).  In  this  test  tlie  injected 
material  is  assumed  to  act  upon  the  hypophysis  of  the  assay  animal,  to  cause  a  secretion 
of  LH,  which,  in  turn,  evokes  ascorbic  acid  depletion  in  the  ovaries.  The  effect  obtained 
was  a  small  one,  possibly  because  of  the  small  amount  of  LH  found  in  the  hypujiliysis  of 
these  immature  assay  animals.  Therefore,  it  apjieared  of  interest  to  test  the  LH-releasing 
activity  of  these  extracts  using  another  assay  method. 

To  provide  a  more  sensitive  assay,  another  stej)  was  introduced  into  the  as.say,  a  steji 
emiiloying  ovariectomized,  adult  rats  treated  with  estrogen.  8uch  animals  possess 
elevated  quantities  of  LH  in  both  jilasma  and  pituitarj-  galands  (2,  3),  and  tnaitment  of 
these  ovariectomized  rats  with  estrogen  can  markedly  decrease  the  plasma  LH  activity 
(4).  The  present  study  reports  the  effect  of  intravenous  injection  of  crude  extracts  of 
the  stalk-median  eminence  region  of  rats  on  the  LH  activity  of  plasma  of  the  estrogen- 
treated,  ovariectomized  rat.  This  LH  activity  was  determined  by  the  ovarian  ascorbic 
acid  dejiletion  test  first  described  by  Parlow  (1,  5). 

METHODS 

.\11  rats  were  of  the  Sherman  strain,  .\cidic  extracts  of  rat  stalk-median  eminence  tissue 
or  cerebral  cortex  were  prepared  from  the  brains  of  large  male  rats  (-^400  gm.  in  body  weight) 
as  previously  described  (1).  These  extracts  were  injected  into  ovariectomized  rats  to  .see  if 
they  altered  the  plasma  LH  activity. 

The  ovariectomized  rats  were  adult  females  which  had  been  ovariectomized  for  one  to 
four  months.  To  provide  a  control  value  for  the  LH  content  of  ovariectomizi^d  rat  plasma, 
some  of  the  ovariectomized  rats  were  bled  while  anesthetized  with  ether,  and  their  plasma 
as.sayed  for  LH  activity.  The  remaining  ovariectomized  rats  were  injected  subcutaneously 
(i8-72  hours  prior  to  use  with  a  single  dose  of  1.0  |/g  estradiol  benzoate  dissolved  in  0.1  ml. 
of  sesame  oil.  Vaginal  smears  of  all  these  rats  were  in  the  estrous  stage  at  the  time  of  use.  One 
group  of  these  ovariectomized,  estrogen-treated  rats  was  anesthetized  with  ether  an<l  bled. 
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The  plui^ma  from  these  rats  was  assayed  for  LH  activity  to  determine  the  effect  of  estrogen 
treatment  on  pliisma  LH  activity  of  the  ovariectomized  rat.  Tlie  other  groii))  of  estrogen- 
treated,  ovarieetomized  rats  was  also  anestlndized  with  ether,  and  then  injected  intraven¬ 
ously  during  a  period  of  one  minute  with  either  stalk-median  eminence  extract  derived  from 
two  rat  hypothalami,  or  cerebral  cortex  extract  derived  from  an  ecjuivalent  weight  of  tissue. 
This  group  of  ovariectomized,  estrogen  treated  rats  was  kept  anesthetize<l  with  ether,  and 
was  bled  ten  minutes  after  beginning  injection  of  the  extract. 

.All  ovariectomized  rats  were  bled  from  the  external  jugular  vein,  and  four  t<»  six  ml.  of 
blood  were  e(dlected  in  a  heparinized  syringe  during  a  pc'riod  of  one  to  three  minutes.  Hlood 
from  four  donors  subjected  to  the  same  treatment  was  pooled  and  the  j)lasma  .separated  by 
centrifugation.  Each  assay  rat  received  two  ml.  of  plasma  and  five  aiumals  were  u.sed  for 
each  pool  of  blood.  Many  pools  of  blood  from  ovariect(jmized  rats,  three  from  ovariectomized 
rats  injected  with  estrogen  alone,  three  from  those  injected  with  estrogen  plus  cerebral 
cortex,  and  four  from  ovariectomized,  estrogen-treated  aiumals  injected  with  stalk-median 
eminence  extract  were  tested. 

For  assay  of  LH  activity,  one  ovary  of  each  assay  rat  was  first  removed  for  a  control  value 
of  ovarian  ascorbic  acid.  Then  two  ml.  of  plasma  were  injecteil  intravenously  over  a  period  of 
4.5 -tib  seconds.  One  hour  later  the  second  ovary  was  removed,  and  its  ascorbic  acid  concen¬ 
tration  determined.  The  results  h.ave  been  expressed  as  the  percentage  depletion  (ilecrease) 
in  ascorbic  acid  concentration  of  the  second  ovary  as  compared  to  the  control  value  obtained 
in  the  first  gland. 


RKSULTS  .\ND  DISCUSSION 

By  the  test  described,  plasma  of  ovariectomized  rats  contained  a  significant  amount 
of  LH,  and  this  amount  could  be  lowered  by  administration  of  estrogen  (P  <.()()!) 
(Table  1).  When  it  had  been  so  lowered,  the  injection  of  an  e.xtract  of  cerebral  cortex 


T.\ble  1.  Ov.\Ri.\x  .\sroRBtc  Arm  deiu.etiox  ixort  Ei)  by 

IM.ASMA  FROM  OVARIEi  TOMIZKl)  RATS 


I'.strogfii-treated,  ovariectomized 

<  )v!iriectomiz<‘<l 

No  extract 

('erebral  cortex 
extract 

Stalk-median 
♦•mineuee  extract 

1  +2.2  (5)* 

4.7±2.4  (5) 
8.312.3  (5) 

12. '8+2.1)  (5) 
4.0±I.t)  (5) 
7.311.5  (5) 

15.4+2.5  (5) 
17.514.0  (5) 
18.0+2.0  (5) 
10.112.5  (5) 

Overall  mean  15.3+  .7  (53)‘ 

4.7  +  1.5(15) 

8.()ll.t>(15) 

17.711  .3  (2t)) 

*  These  values  repre.sent  the  mean  and  standard  error  of  the  mean  obtained  on  assay  of 
eaidi  pool  of  plasma.  The  overall  mean  is  obtained  by  combitung  all  assays  for  a  given  treat¬ 
ment.  The  numbers  in  parentheses  represent  the  number  of  assay  rats  tested. 

'  Because  of  the  large  numlwr  of  pools  of  jilasma  assayed  in  this  group,  the  values  foi- in¬ 
dividual  pools  have  been  omitted. 


failed  to  elevate  it  significantly  (P  <.2).  The  injection  of  an  extract  of  hypothalamus  by 
contrast,  did  evoke  a  significant  increase  in  plasma  LH  activity  (P  <.001).  The  activity 
jiresent  in  plasma  ten  minutes  after  injection  of  stalk-median  eminence  extract  into 
these  estrogenized,  ovarectomized  rats  was  similar  to  that  found  in  the  ovariectomized 
controls. 

These  results  could  hardly  be  caused  by  LH  contamination  of  the  extracts  since  no 
detectable  LH-like  activity  was  found  on  assay  in  hypophysectomized  assay  rats  at  the 
dose  employed  here  (1).  Furthermore  as  a  result  of  injection  into  and  sampling  from  a 
donor  rat,  any  LH-like  activity  present  in  the  extract  should  be  markedly  diluted  at  the 
time  of  injection  of  the  plasma  sample  into  the  assay  rats.  Consequently,  it  appears  that 
injection  of  stalk-median  eminence  extract  evoked  a  significant  secretion  of  LH  in  the 
estrogenized,  ovariectomized  rat,  confirming  the  results  obtained  previously  by  direct 
injection  of  the  extract  into  the  assay  animals  (1). 
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At  that  time,  evidence  was  presented  suggesting  that  the  LH-releasing  activity  of 
these  extracts  was  not  accounted  for  by  vasopressin  or  a  variety  of  other  pliarniaco- 
logically  active  agents  i)resent  in  hypothalamic  tissue  (1).  It  is  suggested  that  this  LH- 
releasing  activity  may  be  caused  by  a  specific  LH-releasing  factor  present  in  the  ex¬ 
tract.  Future  work  must  determine  if  this  material  is  a  polypeptide  similar  to  the  cor- 
ticotrophin-releasing  factor  already  shown  to  l)e  i)resent  in  stalk-median  eminence  tissue 
(0,  7). 

S.  M.  McC.\nn  and  S.  Talkismk 

Department  of  Physiology 
University  of  Pennsylvania 
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Ph iladel phia,  Pe n nsylva n ia 
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PAPER  ELECTROPHORETIC  DEMONSTRATION  OF  THYROXINE-RINDING 
PREALBCMIN  FR.\CTK)N  IN  SERUM' 

ABSTRACT 

Several  amine  buffer  systems  have  been  utilized  to  demonstrate  the  jire-sence  (»f 
a  thyroxine-binding  preallnimin  fraction  in  human  .serum. 

The  presence  of  a  thyroxine-binding  prealbumin  (TBPA)  fraction  in  serum  has  been 
demonstrated  bj'  Ingbar  (1)  using  papi'r  electrojihoresis  in  tris  (hydroxymethylamino- 
methane)-maleate  buffer.  TBP.V  has  also  been  shown  using  ri'verse-flow  electrophoresis 
in  ammonium  carbonate  buffer  (2).  In  more  recent  reports  (3,  4)  the  presence  of  TBP.V 
lias  been  observed  in  borate,  iihosiihate,  bicarbonate,  aminediol,  glycine  and  alanine 
buffers.  We  wish  to  describe  several  amine  buffer  systems  that  have  been  particularly 
effective  in  demonstrating  the  presence  of  TBPA  in  serum. 

MKT  HODS 

Electrophoresis  of  .serum  was  carried  out  with  a  Durrum  type  paper  electrophoresis  cell 
(Spinco).  The  migration  of  thyroxine-binding  fractions  was  studied  by  adding  I'’'-lal)eled 
L-thyroxine  in  varying  amounts  to  human  serum  albumin  and  determining  the  zones  of 
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radioactivity  on  the  paper  strips  witii  a  Nuelear-Chicago  strip  seamier,  as  well  as  by  de¬ 
veloping  radioautographs.  Electrophoresis  was  carried  out  for  18-20  hours  at  00  volts  and 
0  m.a.  except  that  in  the  case  of  niethylamine-nialeate  buffer,  32  volts  and  2  in. a.  were  used. 
All  buffers  were  adjusted  to  pH  8.(5  with  sodium  hydroxide.  Thi*  ionic  strength,  r/2,  aji- 
proximated  0.15  in  all  instances. 


UESULT.S 

The  following  buffer  systems  gave  distinct  sejiaration  of  a  THPA  fraction;  0.2  M 
ammonium  hydroxide — O.Oo  M  maleate;  0.2  M  glycine — 0.05  maleate;  0.20  M  glycine 
— 0.13  M  acetic  acid;  0.2  M  methylamiiu' — 0.05  M  maleate. 

The  best  sejiarations  of  TBPA  were  observed  with  glycine-maleate  and  glycine- 
acetate  buffers.  Figure  1  shows  radioautograiihs  of  eh'ctrojilioresis  in  glycine-acetate 
buffer.  With  methylamine-maleate  buffer  very  good  separations  of  THl’.V  were  obtaineil 
although  the  TBPA  zone  was  diffuse. 


L-T4>ug/I00ml  0.2M  GLYCINE-0.I3M  ACETATE 

pH  8.6 


Fig.  1.  The  two  upper  strips  are  radioautographs  with  added  carrier  thyroxine,  as 
indicated  by  concentrations  at  left.  The  lowest  strip  is  a  bromiihenol  blue  stain  of  the 
serum  proteins.  The  vertical  lines  at  the  right  of  all  three  strips  are  markers  for  align¬ 
ment. 


DISCUSSION 

These  results  provide  further  support  for  the  presence  of  a  thyroxine-binding  pre¬ 
albumin  fraction  in  human  serum.  It  is  hoped  that  this  prealbumin  may  be  obtained 
in  purer  form  for  more  quantitative  studies.  For  this  reason,  it  has  seemed  important  to 
study  the  resolving  powers  of  various  buffer  systems  for  future  preparative  work.  The 
physiological  role  of  this  fraction  in  hormone  transport  remains  to  be  elucidated. 
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THE  KXDOC’RIXE  SOCMETY 
1962  AWARDS 
Fred  Conrad  Koch  Award 

A  sul)stantial  legacy  has  been  heciueatlied  tlie  Society  by  the  late  Eliza¬ 
beth  Koch  for  the  purpose  of  establishing  the  Fred  Conrad  Koch  Memorial 
Fund  in  memory  of  her  late  husband,  distinguished  service  professor  of 
physiological  chemistry  at  the  University  of  Chicago  and  pioneer  in  the 
isolation  of  the  androgens.  This  is  to  be  the  highest  honor  of  the  Endocrine 
Society  and  is  to  be  represented  by  a  medal  that  is  to  be  known  as  the 
Koch  Medal  of  The  Endocrine  Society.  The  medal  and  honorarium  of 
SH,600  is  to  be  given  annually  to  an  individual  for  work  of  special  distinc¬ 
tion  in  endocrinology. 

The  recipient  shall  be  chosen  from  nominations  presented  by  members 
of  the  Society  and  is  limited  to  citizens  of  the  United  States  and  Canada. 
This  award  will  replace  the  Medal  of  the  Endocrine  Society  which  was 
established  in  1954  and  presented  to  Dr.  Carl  Moore  in  1955,  Dr.  Fred¬ 
erick  L.  Hisaw  in  1956,  Dr.  Joseph  C.  Aub  in  1957,  Dr.  I.  L.  Chaikoff  in 
195<S,  Dr.  Wilbur  W.  Swingle  in  1959  and  Dr.  Emil  Witschi  in  1960.  The 
I’hidocrine  Medal  replaced  the  E.  R.  Squibb  Award  which  was  formerly 
the  highest  honor  bestowed  by  the  Society.  Past  recipients  of  the  Scjuibb 
.Vward  were  Dr.  (Jeorge  W.  Corner  in  1940,  Dr.  Philip  E.  Smith  in  1941, 
Dr.  Fred  C.  Koch,  1942,  no  award  was  given  in  194:i,  Dr.  E.  A.  Doisy  in 
1944,  Dr.  E.  C.  Kendall  in  1945,  Dr.  Carl  O.  Hartman  in  1946,  Drs.  Carl 
F.  and  (lerty  T.  Cori  in  1947,  Dr.  Fuller  Albright  in  1948,  Dr.  Herbert 
I'ivans  in  1949,  Dr.  C.  X.  IE  Long  in  1950,  Dr.  J.  B.  Collip  in  1951,  Dr. 
James  H.  Means  in  1952  and  Dr.  David  Marine  in  1953. 

The  Cib.\  Award 

The  Ciba  Award,  to  recognize  the  meritorious  accomplishments  of  an 
investigator  who  has  not  attained  his  36th  birthday  by  June  1st  of  the  year 
the  award  is  presented,  in  the  field  of  clinical  or  preclinical  endocrinology, 
was  established  in  1942,  but  no  recipient  was  selected  in  1942  or  1943.  In 
1944  the  Award  was  presented  to  Dr.  E.  B.  Astwood,  1945  Dr.  Jane  A. 
Russell,  1946  Dr.  Martin  M.  Hoffman,  1947  Dr.  Choh  Hao  Li,  1948  Dr. 
Carl  Heller,  1949  Dr.  George  Sayers,  1950  Dr.  Oscar  M.  Hechter,  1951 
Dr.  Albert  Segaloff,  1952  Dr.  Seymour  Lieberman,  1953  Dr.  Sidney  Rob¬ 
erts  and  Dr.  Clara  Szego  (Mrs.  Roberts),  1954  Dr.  Lsadore  M.  Rosenberg, 
1955  Dr.  Jack  Gross,  1956  Dr.  Alfred  M.  Bongiovanni,  1957  Dr.  Xicholas 
S.  Halmi,  1958  Dr.  Monte  Arnold  Greer,  1959  Dr.  Gordon  L.  Farrell  and 
1960  Dr.  Don  H.  Xelson.  Prior  to  1952  the  Award  was  SI, 200.  It  has  now 
been  increased  to  S2,500. 
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The  Ayerst  and  the  Squibb  Fellowships 

Tlie  Ayerst  Fellowship  was  estahlished  in  1947  ami  the  Sciuihh  Fellow¬ 
ship  in  19oti.  They  are  designed  to  assist  men  or  women  of  exceptional 
promise  in  furthering  their  advancement  towards  a  career  in  endocrinol¬ 
ogy.  Fach  Fellowship  is  awarded  on  alternate  years  and  the  stipend,  which 
will  not  exceed  S7,')0()  may  he  divided  into  two  Fellowships  in  varying 
amounts  in  accordance  with  the  (pialifications  of  the  appointees.  Indi¬ 
viduals  possessing  the  M.l).  or  Ph.I).  degree,  or  candidates  for  either  of 
these  degrees,  are  eligible  for  appointment. 

.\pplicants  must  submit  the  following  information: 

1.  I'A’idence  of  scientific  ability  as  attested  by  studies  completed  or  in 
progress. 

2.  Recommendations  from  individuals  familiar  with  the  candidate  and 
his  work. 

d.  pioposed  program  of  study. 

4.  Acceptance  of  the  individual  by  the  head  of  the  department  in  which 
the  Fellowship  will  be  held. 

o.  A  statement  that  he  or  she  will  serve  full  time  if  awarded  a  Fellow¬ 
ship.  A  small  amount  of  time  (10  to  15  per  cent)  may  be  spent  in 
course  work  or  participation  in  teaching,  the  latter  purely  on  a  volun¬ 
tary  basis. 


The  Uimohx  Si  holar  of  The  I^xdocrine  Soi  iety 

The  Council  of  The  hindocrine  Society  has  established  a  category  of 
Scholars.  These  grants  have  been  made  available  through  the  generosity  of 
the  Upjohn  Company,  and  will  be  awarded  to  an  established  investigator 
or  teacher  in  the  field  of  endocrinology  who  wishes  to  extend  the  oppor¬ 
tunities  for  work  either  in  this  country  or  abroad. 

The  award  will  not  exceed  S2,500  annually  and  will  be  granted  on  the 
basis  of  proposals  submitted  by  the  applicant.  Such  applications  should 
include  estimated  financial  needs.  The  funds  may  be  used  for  travel, 
maintenance  and  other  expenses. 

THIRTEENTH  POSTGRADUATE  ASSEMBLY  IN 
ENDOC'RINOLOGY  AND  METABOLISM 

UXDER  THE  Co-SpoXSORSHIP  OF  TlIE  I'iXDOCRIXE  SoiTETV  AXI)  THE 
National  Ixstitutes  of  Health 
Bethesda,  Marylaxi) 

Oct.  2-(),  BIOl 

.V  comprehensive  review  of  clinical  endocrine  problems  and  current  re¬ 
search  activity  in  these  areas  will  be  presented. 
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For  further  information  write  to; 

Dr.  Koy  Hertz 

National  Institutes  of  Health 

HuilcliiiK  10 

Bethesda  14,  Maryland. 

The  fee  will  he  $100.00  for  physieian.s  with  a  reduction  to  SilO.OO  for 
Residents  and  Fellows.  Fnrollment  limited  to  100. 

Vni  INTERNATIONAL  (’ANC’ER  (H)NGRESS 
APPLICATIONS  AND  TRAVEL  ALLOTMENTS 
Ati7iounccment 

The  VI  1 1  International  Cancer  Congress  will  he  held  in  Moscow,  USSR, 
2:i-2S  July  1902,  under  the  sponsorship  of  the  International  I'nion  Against 
Cancer.  Papers  are  invited  on  experimental  or  clinical  aspects  of  cancer  or 
on  cancer  control.  These  papers  must  not  have  been  puhlished  or  pre¬ 
sented  prior  to  23  July  1902.  The  deadline  for  suhmis.sion  of  abstracts  is  1 
November  1901,  the  original  and  two  copies  to  be  sent  to  Moscow,  and  an 
original  and  five  clearly  legible  copies  to  the  USA  National  Committee  on 
the  International  Union  Against  Cancer. 

Special  facilities  will  be  available  for  motion  pictures  and  technical 
exhibits,  a  brief  description  of  which  should  be  submitted  in  the  same  style 
as  abstracts  of  papers. 

Deadline  for  registration  without  late  fee  is  1  April  1902.  An  informa¬ 
tion  brochure  and  application  forms  for  registration,  submission  of  papers, 
etc.,  are  available  on  recpiest  to  either  of  the  following; 

Prof.  L.  M.  Shabad,  Cleneral  Secretary 
Soviet  National  Organizing  Committee 
.Vcademy  of  Medical  Sciences  of  the  USSR 
14  Soljanka 
Moscow,  USSR 

Dr.  Harold  F.  Dorn,  (leneral  Secretary 
International  Union  Against  Cancer 
National  Institutes  of  Health 
Bethesda  14,  Maryland 

Travel  allotments  will  be  available  to  a  limited  number  of  .scientists  and 
physicians  re.siding  in  the  USA  who  may  recjuire  such  assistance.  The 
grant  will  be  designed  to  cover  round  trip  economy  jet  fares,  an  11-day 
per  diem  allowance,  and  reimbursement  for  the  $30  registration  fee. 

Applications  for  travel  allotments  should  be  .submitted  in  .sextuplet  in 
the  form  of  letters  giving  information  on  age,  training,  academic  or  pro- 
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fessioiial  title,  institutional  affiliation,  and  the  titles  of  the  five  most  perti¬ 
nent  publications  in  cancer  or  related  fields  within  the  last  five  years,  with 
reprints  of  the  work  the  applicant  considers  to  be  his  major  contribu¬ 
tion  of  the  last  five  years.  These  letters  should  be  countersigned  by  the 
department  director  or  administrative  officer.  Applicants  for  travel  funds 
who  are  submitting  papers  for  presentation  at  the  Congress  must  include 
six  copies  of  an  abstract  (not  to  exceed  250  words)  of  each  .such  paper,  as 
noted  above.  An  applicant  not  planning  to  pre.sent  a  paper  at  the  Congress 
should  include  six  copies  of  an  abstract  of  major  current  investigative 
work.  Those  invited  to  participate  in  .symposia  or  other  meetings  .spon¬ 
sored  by  the  lUAC  should  give  full  particulars,  indicating  what  additional 
expen.ses,  if  any,  will  be  involved.  Such  letters  and  abstracts  must  be  sub¬ 
mitted  in  .sextuplet  before  1  November  lOOl  to  the  Chairman,  USA 
National  Committee  on  the  International  Union  Against  Cancer,  2101 
Constitution  Ave.,  N.  \V.,  Washington  25,  I).  C. 

Applicants  will  be  responsible  for  their  own  passports,  vi.sas,  registra¬ 
tion,  travel  arrangements,  and  hotel  re.ser  vat  ions. 

INTER-SCXTKTY  CYTOLOGY  COUNCIL,  IN(\ 

Inter-Society  Cytology  Council,  Annual  Scientific  Meeting,  Hotel  Pea¬ 
body,  Memphis,  Tennessee,  November  2,  8,  4,  1901.  Dr.  Paul  A.  Younge, 
Secretary -Treasurer,  1101  Beacon  Street,  Brookline  40,  Massachusetts. 
lOveryone  interested  in  cytology  is  welcome  to  attend. 

INTERNATIONAL  CONGRESS  ON  HORMONAL  STEROIDS 

Milaxo,  Italy — May,  1902 

The  .scientific  program  includes:  a)  Six  Symposia  at  which  lectures 
will  be  given  by  prominent  invited  speakers,  b)  Sessions  of  short  communi¬ 
cations,  c)  Private  Scientific  Meetings  and  Round  Table  Discussions. 

The  following  0  Symposia  are  planned:  1)  new  .steroids  with  hormonal- 
like  activities,  2)  pathways  of  .synthe.sis  and  metabolism  of  hormonal  .ster¬ 
oids,  8)  control  of  synthesis  and  release  of  steroid  hormones,  4)  mechanism 
of  steroid  action,  5)  substances  which  affect  the  synthesis  and  action  of 
steroid  hormones,  0)  non-hormonal  activities  of  .steroids. 

The  iSymposium  lectures  will  be  of  20  minutes’  duration,  followed  by  10 
minutes’  discu.s.sion. 

The  speaking  time  for  short  communications  will  be  10  minutes.  A 
number  of  lectures  rooms  will  be  available  for  Private  Scientific  Meetings 
and  Round  Table  Di.scus.sion.s, 

Please  write  to  the  Secretaries  for  inclusion  of  special  .subjects  in  the 
final  program. 

Official  languages  of  the  Congress  will  be  luiglish,  French  and  Italian. 

Simultaneous  translation  from  and  into  each  of  the.se  languages  will  be 
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provided  for  Symposium  lectures  and  discussions. 

All  members  of  the  congress  will  receive  abstracts  of  lectures  and  of 
short  communications  at  time  of  registration. 

The  Proceedings  of  the  Meeting  will  be  published  in  bookform  after  the 
Congress. 

For  further  information,  application  forms  and  forms  for  submission  of 
papers  please  write  to  the  Secretaries. 

SYMPOSIUM  OX  re(t:xt  developments  in 

RESEARCTI  METHODS  AND 
INSTRUMENTATION 

Announcement 

11th  Annual  Instrument  Symposium  and 
Research  Equipment  Exhibit 
October  9  Through  12,  19()1 

National  Institutes  of  Health,  Bethesda  14,  Maryland 
Instrument  Symposium 

Committee  on  Symposium  on  Recent  Developments 
in  Research  Methods  and  Instrumentation 

('hairmon  Exeeutive  Seeretary 

Dr.  Julius  Sendroy,  Jr.  Mr.  James  B.  Davis 

Naval  Medical  Research  National  Institutes  of  Health 

Institute  Bethesda  14,  Maryland 

Bethesda  14,  Maryland 

Primary  topics  for  discussion  on  the  scientific  program  include:  (1)  Ap¬ 
plied  (las  Chromatography;  (2)  Factors  Influencing  Interpretation  of 
Spectra;  (8)  Electron  Magnetic  Resonance;  (4)  Thermogravimetric  .\nal- 
ysis;  (o)  Electron  Probe  Analysis;  ((>)  Application  of  Physiological  In¬ 
strumentation  to  Clinical  Problems;  and  (7)  Optical  Rotatory  Dispersion. 

Resenreh  Equipment  Exhibit 

Committee  on  Manufacturers’  Representatives 

('hairmon  Exhibit  Manager 

Mr.  Louis  Heiss  Mr.  James  B.  Davis 

American  Instrument  Co.,  Inc.  National  Institutes  of  Health 
S080  (leorgia  Avenue  Bethesda  14,  Maryland 

Silver  Spring,  Maryland  Phone:  OLiver  (5-4000,  hNt.  2815 

Examples  of  the  latest  types  of  research  equipment  will  be  exhibited  liy 
instrument  manufacturers. 
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comparison  for  all  thyroid 
preparations,  and  is  regarded 
throughout  the  world  as  ^ 
quality  thyroid  product, 

ARMOUR  PHARMACEUTICAL  COMPANY 

KANKAKEE,  ILLINOIS 

Armour  Means  Protection 


THYROID  U.S.P. 

Tltyrokf  Tabtfts  (Armour)  art  praparad  from  fraah 
salactad  glands,  dasiccatad  and  standardizad  by  official 
U.S.P.  mathod  b  contain  0.2  par  cant  of  iodina  in  thyroid 
combination.  Thyroid  Powdar  U.S.P.  (Armour)  is 
sbndardizad  and  of  uniform  potancy.  USES:  Thyroid 
dafidaftcias,  cratinism,  mysadama,  nodular  goitar  (noiH 
bale),  non-nodular  goitar.  A  variaty  of  clinical  condi* 
tions  will  respond  b  tha  usa  of  Thyroid  (Armour)  whan 
subclintcal  hypothyroidism  is  involvad.  i.o..  gynacobgic 
conditions  such  as  functional  manstrual  disorders,  star* 
ility.  habitual  abortion ;  recurring  conjunctivitis ;  certain 
typos  of  anemias  and  obesity;  and  certain  changes 
which  occur  in  hair,  skin  and  fingernails.  DOSAGE:  V4 
ta  $  grains  daily  as  required  by  clinical  condition. 
Therapeutic  affect  develops  slowly  and  lasts  for  two 
months  or  longer.  Thus  tha  daily  dose  may  be  given  as 
a  single  dose  (preferably  in  tha  morning)  rather  than 
several  times  daily .  Patients  treated  with  thyroid  should 
be  continuously  under  tha  physician's  observation. 
CONTRAINDICATIONS:  Heart  disease  and  hyperten¬ 
sion.  unless  the  mebbolic  rate  is  low.  SUPPLIED: 
Tableb— bottles  of  100. 1000  and  larger:  potencies  of 
H*  1*  2  and  5  grains.  Powder-1  ot.  4  oz..  and  1  lb. 
bottles. 
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